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Abstract
The main topic of this thesis is the design and analysis of the Cosmic ORigins
Explorer (CORE) telescope, a proposed mission for the ESA M5 mission call.
Its focus was the study of the Cosmic Microwave Background (CMB), particu-
larly its polarisation. An ambitious space mission, it would endeavour to detect
elusive primordial B-modes. B-modes are considered the key piece of evidence
for inflation theory and require extraordinary sensitivity to detect. CORE would
house up to 2100 detectors on its large, super-cooled focal plane; granting the
high sensitivity and wide field of view (FOV) required for CMB study but leads
to challenging optical design. Maynooth’s role was to examine telescope designs
capable of delivering diffraction-limited quality field of view over this 50 cm focal
plane area. Two telescope designs (Offset Gregorian and Offset Dragonian) were
analysed. The import and export of the mirrors with correct surface definition
and orientation form a central part of this work. Physical optics analysis pro-
gram GRASP was used to simulate beams on the sky from various focal plane
positions to verify the positioning of different frequency detectors over the focal
plane. This work would form a part of the CORE proposal.
In addition, analysis was carried out on the receiver of the Large Latin Amer-
ican Millimetre Array (LLAMA) telescope, currently under construction in Ar-
gentina. Based on existing Atacama Large Millimetre/submillimetre Array (ALMA)
telescope designs, LLAMA is an independent instrument that will be able to study
a large array of astronomical phenomenon at millimetre wavelengths. Eventu-
ally it plans to form the first South American Very Long Baseline Interferometer
(VLBI) array alongside ALMA and the Atacama Pathfinder Experiment (APEX).
The Department of Experimental Physics was asked to perform analysis using
three frequency bands on the Nasmyth B receiver of the telescope and the author
was given the task.
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Chapter 1
Background/Research Overview
1.1 Introduction
The main theme of this thesis is the design and analysis of far infrared optical
receivers. The purpose of this chapter is to establish the background science which
drives the science requirements to develop a next generation CMB satellite, which
sets challenging technical requirements. An overview of submillimetre astronomy,
the CMB, the history of its observation and associated receiver technology is also
presented. In addition the technology and software used in the field of far infrared
and terahertz optics modelling is described. The chapter will conclude with an
outline of the content of this thesis, including the authors specific contribution to
the various topics presented.
1.2 Introduction to Submillimetre Astronomy
Submillimetre astronomy is a term that encompasses astronomy performed in the
range of 109 Hz to 1012 Hz with corresponding wavelengths of 300 mm - 0.3 mm.
Figure 1.1: The Far-Infrared, Terahertz and Microwave regions of the EM spec-
trum from Sciencetech-inc.com (2017).
1
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This frequency range (visible in Figure 1.1) is sometimes referred to as the
“Terahertz Gap”, referencing the relatively low utilisation of this frequency band,
due to the limited availability of cheap and efficient sources and detectors. Exist-
ing sources of optical and radio emissions cannot be re-purposed easily to work in
this band. Instead, sources to generate terahertz radiation are highly specialised
and expensive. Detection technology at one time was limited to bolometers (de-
tectors that measure small changes in temperature associated with photon im-
pact), but new iterations such as Transition Edge Sensor (TES) bolometers and
Kinetic Inductance Detectors (KIDs) offer the opportunity (in the future) for
test beds to be cheaper and more robust to implement. The specific technology
utilised for astronomical purposes will be discussed in Section 1.4. Analysis soft-
ware that relies on ray tracing and geometric optics (staples of optical wavelength
analysis) is fast and relatively simple to implement but results from these meth-
ods are not always accurate in submillimetre systems, primarily due to diffraction
limited propagation. Conversely, software using physical optics techniques (com-
monly associated with radio wavelength analysis) are accurate and reliable, but
suffer from long simulation times which may be anywhere from multiple hours to
multiple days for volumetrically large receivers. As a result, multiple programs are
often used in conjunction with one another to alleviate the issues that the other
techniques possess. An example of ray tracing software is Zemax OpticStudio by
Zemax (1990), while GRASP (Generalised Reflector Antenna Software Package)
by TICRA (1976) is a commercial physical optics package. Both programs will
be discussed extensively throughout this thesis.
1.3 Applications of the Submillimetre Region
Despite the lack of widespread utilisation of technology in the submillimetre re-
gion due to the aforementioned reasons, many potential benefits could be realised
in developing cheaper and more portable terahertz sources and detectors.
2
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Imaging in the terahertz region has potential both for the security and medical
sectors. The radiation in the terahertz region is non-ionising and can therefore be
used safely for non-invasive imaging techniques. Dry cloth and fabric are trans-
parent in the terahertz region. As a result, there is the ability to image wounds
without removing a patient’s bandages. Arnone et al. (1999) have performed
scans of teeth in the terahertz spectrum using Terahertz Pulse Imaging, mea-
suring enamel thickness and revealing cavities hidden within. Figure 1.3 shows
an example of a scan of tooth. Terahertz Pulse Imaging has also been identi-
fied by Fitzgerald et al. (2002) as having applications in dermatology, specifically
imaging of burn wounds without contact with the affected area as would be re-
quired using ultrasound. Metal detectors and x-ray scanners are able to pick up
metallic knives and firearms. However, unless they are constructed of very dense
ceramic, ceramic blades and modern polymer-framed handguns are very difficult
to detect with these traditional methods. Ceramics are highly reflective in the
terahertz band. This allows them to be easily spotted even when obscured or
hidden within other objects (see Figure 1.2). Federici et al. (2005) discuss the
benefits of THz scanning vs. millimetre-wave scanning. They state that the reso-
lution of THz scanners is inherently sharper than conventional scanners due to the
shorter wavelength. In addition, many explosive, chemical and biological agents
have characteristic transmission/reflection spectra in the THz band, potentially
allowing for spectral fingerprinting of these elements should they be concealed.
Figure 1.2: Terahertz scan reveals hidden knife. Credit: UVA Terahertz Lab
3
Chapter 1: Background Applications of the Submillimetre Region
Figure 1.3: Image of a tooth revealing cavity within. Credit: paultownsend.co.uk
(2013).
The application of terahertz imaging is not just limited to terrestrial concerns.
Walker (2016) mentions several Interstellar Medium (ISM) features that emit in
the terahertz band. One of the most important emitters of terahertz radiation is
water. Many transitions in the H20 molecule are in the terahertz region. Active
star forming regions can be identified by emission lines from 12CO. Figure 1.4
demonstrates a slow reveal of these regions at higher frequencies.
Figure 1.4: Comparison of galaxy showing the star-forming regions being
uncovered at longer wavelengths. Credit: http://astro.cornell.edu/∼spifiweb/
Motivation.html
This thesis will feature the CMB heavily. Measurements of this relic radiation
peak at frequencies around 100 GHz, which is just below the terahertz band.
However, the radiation from the CMB must first travel through the galaxy before
it can reach our telescopes and satellites. The Sunyaev-Zeldovich effect refers to
4
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the Compton scattering of CMB photons by energetic electrons in heated gas in
galaxy clusters. The effect causes the CMB to become distorted. Emissions from
dust in the ISM is also an issue as the CMB radiation can have its polarisation al-
tered by dust grains as well as foreground contamination. In order to retrieve the
unaffected signal from the CMB this “foreground” must be subtracted. Therefore
higher frequency channels (up to 600 GHz) are required to remove the influence
of the galaxy and the dust. Take, for example, the case of apparent primordial
gravitational wave detection by BICEP2 as described by Ade et al. (2014a). The
authors claimed to have detected B-mode signals from the CMB at a tensor to
scalar ratio of 0.2. Flauger et al. (2014) and many others expressed scepticism
that this result could be attributed wholly to primordial gravitational waves.
Later study of the region by Planck suggested that the result could be attributed
to polarised emission from galactic dust. After further BICEP2-Planck collab-
oration, the detection was eventually attributed to this source, as reported by
Cowen (2015).
1.4 Technology
Detector technology in the terahertz band can be broken into two types: coherent
and incoherent. Here coherence means the ability to measure the phase of a
received signal, often referred to as a single-mode system.
Walker (2016) reports that coherent detector technology in the terahertz band
is based on lower frequency coherent detection systems utilised all over the world
for radio, television and wireless networking. One type of coherent detector is the
heterodyne receiver (layout shown in Figure 1.5). The principle of any heterodyne
receiver is to take a high frequency signal and translate it to a lower frequency.
This makes the signal easier to amplify and process. A local oscillator signal
(LO), which is much stronger than the astronomical signal, is mixed in with the
5
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astronomical signal using a mixer device. The new intermediate frequency (IF)
signal is then amplified and passes on to further processing.
Figure 1.5: Layout of a heterodyne receiver. Credit: http://aer.nict.go.jp/en/
people/res irimajiri.html
Our research group hosts a Vector Network Analyser (VNA). A VNA is a form
of network analyser which has the capability to measure both amplitude and
phase properties of a signal. This is done by measurement of S-parameters for
reflection and transmission. The Department of Experimental Physics possesses
a VNA with W-Band (75 - 110 GHz) capability.
There are numerous examples of incoherent detection devices. Three exam-
ples will be discussed below. The first example of incoherent detector technology
in the sub-millimetre astronomy regime is the bolometer. This device works on
the principle of detection via heating of a material which has a temperature de-
pendent electrical resistance. The absorbing element of the bolometer, typically
metallic or made of semiconductor material, is connected to a thermal reservoir.
Any photon incident on the absorber raises its temperature above that of the
thermal reservoir. Thus a detection is made. Usually these devices are kept at
cryogenic temperatures to increase their sensitivity and makes these detection
systems expensive and specialised. A crucial aspect of any detector technology
6
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is its noise equivalent power (NEP), a measure of the signal power that a detec-
tor can distinguish. Taking data from Byrd (2010), silicon bolometers for the
far infrared can achieve an NEP ≈ 1× 10−13 W/√Hz at 4.2 K to an NEP ≈
2.4× 10−16 W/√Hz at 0.3 K.
The second example of incoherent detectors are pyroelectric detectors. Byrd
(2010) and Liu and Long (1978) provide descriptions of these devices. They
share a principle of operation with bolometers; detection of radiation via heating.
Ferroelectric material (such as Lithium Tantalate, LiTaO3) exhibits an electrical
response as a result of temperature change. This surface charge is also sponta-
neously polarised. If electrodes are attached to one face (or opposite edges) of the
material, this response will be seen an electrical signal. As these devices are based
on the pyroelectric effect, an AC (time-varying) signal is required for detection.
To balance out this drawback, pyroelectric detectors are able to work at a range
of temperatures, as long as temperature of the detector changes it will function.
According to Byrd (2010), these detectors have an NEP ≈ 1× 10−9 W/√Hz.
Figure 1.6: Structure of a Golay Cell. Credit: By Ehab Ebeid CC BY 3.0,
https://commons.wikimedia.org/w/index.php?curid=24140065.
Also, there are Golay Cells (shown above in Figure 1.6). From Lee (2009) and
Byrd (2010), Golay Cells are opto-acoustic detectors covering a broad radiation
7
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spectrum that includes the terahertz band. Incident radiation passes through the
window of the cell to a gas-filled enclosure behind. The radiation is absorbed by
a film in the enclosure, heating up the gas (usually Xenon). As the gas heats,
the increase in pressure deforms a mirror at the rear of the enclosure. There is
an LED behind the gas cavity whose light is focused onto this mirror. The light
reflects off the deformable mirror and is absorbed by a photodiode. Thus a change
in the shape of the mirror caused by incident radiation is sensed by the readout
system. As with the above pyroelectric detectors, Golay cells can operate at room
temperature. They are very sensitive detectors, having an NEP ≈ 1× 10−10
- 1× 10−9 W/√Hz according to Lee (2009). However, the materials used in
constructing these devices must be very insulating so that as much radiation as
possible is taken in by the absorbing film. They are also sensitive to mechanical
vibrations, an important factor to be considered in laboratory optical benches.
Figure 1.7: Diagram of a TES Bolometer. Credit: SRON
Two new detector technologies are set to become the sub-millimetre detector
of choice for future astronomical receivers where high sensitivity is required. The
first of these is the TES bolometer (see Figure 1.7). These detectors possess
8
Chapter 1: Background Technology
very high sensitivities. Kuo et al. (2008) provides an overview of these detectors.
When a photon is absorbed by a TES, it changes the resistance of that pixel.
SRON Netherlands Institute for Space Research report on their website (sron.nl
(2017)) that they have tested TES devices that have an NEP that is as low as
2× 10−19 W/√Hz. The advantage of using TES bolometers is that they can be
multiplexed, leading to larger arrays with larger numbers of pixels than previously
available. Readouts are achieved using superconducting quantum interference
devices (SQUIDS). However, as they are superconducting devices they must be
cryogenically cooled to sub-Kelvin temperatures in order to function. The Simons
Array (currently POLARBEAR, with additional antennae under construction),
BICEP2 and QUBIC utilise TES bolometers to carry out experiments to study
the polarisation of the CMB.
Figure 1.8: Prototype KID device. Credit: Cardiff University School of Physics
and Astronomy.
The second promising technology is the Kinetic Inductance Detector. One
example is shown in Figure 1.8. These detectors function on the basis of splitting
a pair of electrons which are bound together (known also as Cooper pairs). The
detector material experiences a change in inductance if a photon is absorbed. Like
with the TES bolometers above, KIDS must be kept at cryogenic temperatures to
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function. They are easier to multiplex than TES devices as they require a single
readout line for one array. Additionally, they can be grouped into large arrays
and printed in laboratories. The NEP of a KID has been theorised to be as low
as 2× 10−20 W/√Hz by Baryshev et al. (2011).
1.5 Modelling Optical Systems
The modelling of optical systems is carried out in different ways for the sub-
millimetre regime. One approach is to use ray tracing software, such as Zemax
OpticStudio. Geometrical optics is the basis for ray-tracing. This method benefits
from a very quick simulation time due to its simplicity. However, the approach is
not necessarily the most representative of receivers where diffraction can dominate
the optical behaviour of propagation. These programs would most likely be used
in preliminary optical design.
A more accurate technique is that based on physical optics. This is the ap-
proach favoured by those working the radio wavelengths as it is very accurate.
However, the accuracy comes at a cost in simulation time. Physical optics soft-
ware must work out the current induced on the surfaces of the reflectors under
investigation. This process is computationally intensive, especially if the sur-
faces are large in terms of wavelength, as is the case for terahertz astronomical
receivers.
LLAMA is a receiver whose analysis will be featured later in this thesis. It is
a Vertex class 12 m telescope that is under construction in the Puna region of
Argentina. It will initially work as a single receiver but further dishes will be
added in future. It will connect with ALMA and APEX to create a VLBI. It will
study a wide range of objects, including the Sun, astrophysical jets, star-forming
regions, ISM and active galactic nuclei (AGN). It will eventually work alongside
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ALMA, and so will use ALMA-equivalent optics and ALMA-equivalent frequency
bands. Maynooth’s contribution to this project was to establish the Nasmyth B
receiver system and perform preliminary physical optics analysis of this system.
1.6 The Big Bang and Cosmic Microwave Back-
ground
1.6.1 The Big Bang Theory
The Big Bang Theory is the prevailing theory that explains the existence of the
Universe. The theory of an expanding Universe was first proposed by physi-
cist Georges Lemaˆıtre in 1927. The paper, Lemaˆıtre (1931), uses an expanding
Universe model to account for the redshifts of extragalactic nebulae. This was
followed by an essay in 1931, L’hypothe`se de l’atome primitif, as reported by Gio-
vannini (2004). Here he proposed that an expanding Universe could be traced
back to a primeval atom with the mass of the Universe, better known today as
an initial gravitational singularity. Historically, there was contention at the time
between the Big Bang Theory and the Steady State Theory, the latter stating
that the Universe was immutable and unchanging. Many physicists expressed
doubt that the Universe could even have a beginning, and that if it did then one
day it might also have an end. This contention was dealt a death blow two years
later by Edwin Hubble and his study of galactic redshifts. Hubble concluded that
the redshifting of the light from distant galaxies he observed must be due to the
fact that they were moving apart from one another. This was strong evidence for
an expanding Universe. From Carroll and Ostlie (2014), physicist George Gamow
would refine Lemaˆıtre’s idea with his theory of Big Bang nucleosynthesis and cal-
culations of cosmic abundances. His associates Ralph Alpher and Robert Herman
would predict the CMB, remnant radiation left over from the beginning of the
Universe, as part of the expanding Universe theory. Finally, the theory would
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get its name from Fred Hoyle, a steady state universe advocate who derisively
referred to this expanding universe theory as “this Big Bang idea”.
Figure 1.9: Timeline of the history of the Universe. Credit: NASA
Figure 1.9 shows a timeline of the Universe, highlighting major events in its
history. According to the Big Bang theory, all matter was once compressed into
a point-like region of space known as a singularity. For reasons still to be de-
termined, this singularity expanded, causing space to expand outwards. This
early stage of the Universe (10 s - 380’000 yrs) was unimaginably hot and dense.
Photons produced at this time would have been absorbed immediately by nearby
atoms. In this way, matter and radiation were said to be “coupled”. As a conse-
quence of this the Universe would have been opaque, as no photon could escape
the maelstrom. As the Universe continued to expand it would cool and become
less dense. Eventually it would reach a point where the mean free path of photons
could increase as reaction rates decreased. This allowed photons to escape and
travel without absorption or excessive scattering. This point in time is known
as the “Surface of Last Scattering”. Matter and radiation were now “decoupled”
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and those photons that were able to move freely can be seen today as the CMB.
1.6.2 Theory of Cosmic Inflation
The theory of cosmic inflation is an addendum to the Big Bang Theory. Set out
in Linde (1984), it attempts to explain several discrepancies that developed in the
Big Bang Theory, namely the lack of magnetic monopoles and the Horizon and
Flatness problems. Alan Guth, who was studying the monopole issue, proposed
the theory in 1979. While working on this problem he found that, under general
relativity, a false vacuum should generate an expansion of space. This inflationary
period should have left its mark in the CMB.
The Horizon Problem describes the fact that the Universe appears to be homo-
geneous and isotropic, even for causally disconnected regions. This should only
be the case if there was some mechanism that set the initial conditions of the
Universe to be the same everywhere. The Flatness Problem describes the fact
that density of matter in the Universe is enough for the large-scale geometry of
the Universe to flat, as opposed to spherical or hyperboloidal. From Guth (1981),
this requires the total density parameter of our Universe, Ω0, to be close and
have remained close to the critical density parameter of 1 for the geometry to
have remained unchanged. Ω0 is made up of Ωm + ΩΛ, the density of matter and
energy respectively. The Planck survey data from Ade and the Planck collabo-
ration (2015) sets these value to be 0.6911 ± 0.0062 and 0.3089 ± 0.0062. This
gives a total density parameter of 1. The issue that forms the core of the flatness
problem is known as a fine-tuning problem: there is a limited range of values for
critical density of the Universe that allow the Universe to be flat.
Cosmic Inflation purports to solve these problems. From Guth (1981), the
flatness of the Universe is addressed in a similar manner to the apparent flatness
of the Earth. The volume of the entire Universe may be so much greater than
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that of the observed Universe that the apparent flatness may just be an effect of
this. The homogeneity of the observable Universe can be explained with the rapid
expansion of the Universe. The size of the Universe increased by a factor of 1026,
from the size of a proton to the size of a grapefruit. This occurred in a time span
of less than a trillionth of a second. Such a rapid expansion meant that all regions
of our observable Universe were causally connected. The small inhomogeneities
that are present are explained through quantum fluctuations present in the early
Universe being blown up to immense scales.
1.6.3 Temperature Anisotropies of the CMB
The CMB is composed of the remnant light of the Big Bang. The photons that
comprise this background, once white-hot and highly energetic, have cooled as
they travelled in the intervening years. Today their temperature is the tem-
perature of empty space (≈ 2.7 K), a thermal energy which corresponds to the
microwave region of the electromagnetic spectrum. These photons hold a wealth
of information about the earliest times of the Universe, much the same way the
spectrum of a distant star holds information on its progenitor.
The earliest theories involving the CMB also included a prediction that tem-
perature anisotropies should be visible in the CMB itself. These microscopic
temperature differences would correspond to different regional densities present
in the Universe before inflation. After inflation, the distances between those re-
gions would become exaggerated, leading to areas of matter separated by empty
voids. This describes the current matter distribution in the Universe, namely fil-
aments of galaxies surrounded by depleted intergalactic space. Figure 1.10 shows
the map of anisotropies as measured by Planck.
The anisotropies are bipolar, corresponding to a higher or lower temperature.
Fixsen (2009) states this temperature difference to be ±0.00057 K based on a
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review of WMAP data. These tiny fluctuations in temperature represent different
densities present at the surface of last scattering. The colder regions are likely
more dense than the warmer regions. These densities can be seen as the seed
regions where the galaxies that we have today would form.
Figure 1.10: Map of CMB temperature anisotropies. Credit: www.cosmos.esa.
int/web/planck/picture-gallery
1.6.4 Polarisation of the CMB
Figure 1.11: Polarisation map from Planck. Credit: www.cosmos.esa.int/web/
planck/picture-gallery
According to Samtleben et al. (2007), interest in the CMB is now shifting
to the study of the patterns of polarisation. The different sources of the CMB
15
Chapter 1: Background The Big Bang and Cosmic Microwave Background
temperature anisotropies give different polarisation patterns. Figure 1.11 shows
the polarisation map measured by Planck. Each perturbation generates a unique
polarisation pattern. A paper by Hu and White (1997) provides a breakdown of
each type of perturbation:
• Scalar: These perturbations arise from gravitational instability at last
scattering. These fluctuations are the only ones that can create structure
through gravitational instability, namely regions of lower density (hot ef-
fective temperature) and greater density (cold effective temperature). The
polarisation associated with this type of perturbation is E-mode and is gen-
erated by Thomson scattering of quadrupole radiation. The quadrupole
occurs thanks to the compression of cold regions by hotter regions.
• Vector: These perturbations represent vortical motions of the matter of
the early Universe. Here the velocity field v obeys ∇.v = 0 and ∇× v 6= 0.
There are no density perturbations associated with these perturbations as
the expansion of the Universe would dampen the vorticity. However, the
temperature fluctuations do not decay. Bulk motion of the velocity field
produces a dipole pattern radiation field via Doppler shifting of the veloc-
ity field itself. However, a quadrupole pattern is produced between the two
velocity extremes. The polarisation field is generated using Thomson scat-
tering in the same fashion as mentioned above. This perturbation generates
primarily B-mode polarisation.
• Tensor: These perturbations are due to gravitational waves. As space is
stretched by the gravitational waves a perturbation is set up in the plane
of the wave. The stretching of space by this method is quadrupolar. There
are no temperature fluctuations associated with this type of perturbation.
This perturbation generates comparable amounts of E and B modes.
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E-mode and B-mode polarisations are curl-free and divergence-free respectively.
Figure 1.12 illustrates the difference between the two modes.
Figure 1.12: Diagram demonstrating E and B mode po-
larisation. Credit: https://astrobites.org/2013/07/24/
lensing-b-modes-in-the-cosmic-microwave-background-polarization/
E-mode polarisation emerges from Thomson scattering in a heterogeneous plasma.
This mode is by far the dominant form of polarisation found in CMB radiation.
Figure 1.13 shows the mechanism by which E-mode polarisation arises.
Figure 1.13: Thomson scattering leading to E-mode polarisation. Credit: http:
//inspirehep.net/record/827549/plots
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B-mode polarisation is far weaker than E-mode polarisation (see Figure 1.14
for a comparison). In addition to the perturbations mentioned above, B-mode
polarisation can arise due to the effect of gravitational lensing by nearby galaxies
on E-mode photons. This mode is also produced by as-yet-undetected primordial
gravitational waves, which are theorised to be present during the time of cosmic
inflation. This type of B-mode polarisation cannot be produced by scalar pertur-
bations. As a result, detection of these primordial B-modes is often referred to
as the “Smoking Gun” of Inflation Theory (Baumann et al. (2009) provide such
a reference).
As these primordial B-mode photons are in the overwhelming minority in
terms of overall CMB radiation, detection is incredibly difficult and would re-
quire exquisite sensitivity to detect.
Figure 1.14: Level of primordial B-modes in comparison to E-modes. Credit:
http://inspirehep.net/record/803379/plots
Ground based CMB observations have been proven successful in the past, but
this type of sensitivity can only be realistically achieved by satellite missions.
As stated before by Yang et al. (2011) the attenuation of far infrared signals
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by Earth’s atmosphere would limit the accuracy of detection of faint B-mode
signals. Additionally, ground-based observatories cannot produce full-sky maps
of the CMB nor cover the large range of frequencies required to remove foreground
contamination.
1.7 Historical Observations of the CMB
The initial observation of CMB radiation was carried out by Arno Penzias and
Robert Wilson in 1964. According to Carroll and Ostlie (2014), they had been
working to re-purpose a Bell Laboratories horn antenna in New Jersey (shown in
Figure 1.15). Initially developed as a prototype in the fledgling field of satellite
communication, Wilson (an astronomer) thought that it would have interesting
properties for radio astronomy.
Figure 1.15: The Holmdel Horn Antenna where the CMB was first detected.
Credit: http://www.cv.nrao.edu/course/astr534/RadioTelescopes.html
The two were constructing a device known as a Dicke Radiometer. Developed
by Robert Dicke of nearby Princeton University, they frequently ran into problems
when testing their device. Specifically, they always seemed to encounter a 4.2
K antenna temperature. Measures which were taken to reduce this noise failed.
Eventually they would realise that this noise was not noise at all, but rather a hiss
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of radiation emanating from all points in space. They were aware of theoretical
predictions of such a background radiation. They confirmed their on consultation
with the research group in Princeton, with Robert Dicke famously saying “Boys,
we’ve been scooped”.
Future ground-based observations of the CMB would refine and lower the
temperature from Penzias and Wilson’s finding. While ground-based observations
continue today, with notable experiments being POLARBEAR, QUIET, BICEP2
and soon QUBIC, satellite-based missions are far better suited to study the CMB
in detail. Ground-based missions are hampered by the Earth’s atmosphere in a
number of ways. Atmospheric absorption via water vapour limits the number of
frequency bands that can be viewed from Earth. Yang et al. (2011) performed
a study of attenuation of radiation from 0.2 - 2 THz, performed at sea level
for a number of different weather conditions. The general trend was towards
increased attenuation at higher frequencies, with attenuation in general rising
in humid weather and falling in winter. To get around this particular issue,
instruments are deployed in high altitude or extremely cold environments. Even
so, the polarisation sensitivity will be lower than that achievable via satellite.
Ground instruments are also not able to produce full sky maps, being limited by
sky overhead. Finally, these instruments require heavy cooling to reduce random
electrical noise within the detectors and increase the instruments sensitivity. For
BICEP2, Ade et al. (2014b) state that the focal plane tiles were cooled to 250
mK, despite an atmosphere (and hence aperture) temperature of 230 K. While
cryogenic cooling is still required for satellite missions, the average temperature
of the satellite will be the average temperature of the space around it.
1.8 CMB Satellite Missions
As stated in the previous section, only satellite missions can realistically achieve
the sensitivity, frequency and sky coverage required for the detection of primordial
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B-Modes. There is a rich heritage of CMB satellite missions.
1.8.1 COBE
The Cosmic Background Explorer (COBE) was a CMB satellite mission launched
on November 18th 1989. An illustration of the satellite can be see in Figure 1.16.
The purpose of the mission was to map the emissions of the CMB over the whole
sky and measure the temperature anisotropies contained within. Of the three in-
struments on-board the satellite, the Differential Microwave Radiometer (DMR)
was responsible for measuring the anisotropy. According to a paper by Smoot
et al. (1992) the instrument operated at three frequencies: 31.5, 53 and 90 GHz.
These frequencies were chosen as they corresponded to maximal CMB emissions
with minimum emissions from foreground galactic sources. The DMR was com-
posed of three receivers spaced 120◦ apart on the aperture. Each radiometer was
made up of a pair of horn antennas. These antennas had an angular resolution
of 7◦ on the sky. For reference, the angular size of the moon is 0.5◦ on the sky.
Figure 1.16: COBE. Credit: https://map.gsfc.nasa.gov/media/081000/
The data from COBE was used to produce the first full sky map of the tem-
perature anisotropies of the CMB. COBE also holds the distinction of providing
the evidence which confirmed the Big Bang theory of the origin of the Universe.
The CMB map produced by COBE is displayed in Figure 1.17:
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Figure 1.17: COBE map of anisotropies. Credit: https://wmap.gsfc.nasa.gov/
media/030653/index.html
1.8.2 WMAP
Figure 1.18: WMAP. Credit: https://map.gsfc.nasa.gov/media/990389/index.
html
The Wilkinson Microwave Anisotropy Probe (WMAP) was designed with many
goals in mind. Figure 1.18 displays the WMAP satellite. One of them was to
measure the temperature anisotropies discovered by COBE to a much higher
precision. WMAP built on the success of COBE in that it not only measured the
temperature anisotropies to a higher precision but also attempted to measure the
polarisation of the CMB at large angular scales as well. It was launched on 30th
June 2001. The map of anisotropies it produced is shown below in Figure 1.19:
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Figure 1.19: WMAP anisotropies. Credit: https://map.gsfc.nasa.gov/media/
101080/index.html
WMAP’s optics consist of two back-to-back Offset Gregorian reflectors. An
array of corrugated feeds are coupled to each reflector. WMAP carried 20 dif-
ferential radiometers that covered 5 different frequency bands ranging from 20
to 106 GHz. The angular resolution of WMAP was significantly higher than
that achieved by COBE, NASA (2010) reporting a range from 0.93◦ at 22 GHz
to < 0.23◦ at 90 GHz. The map of temperature anisotropies WMAP produced
contained much more information on the structure of the early Universe.
1.8.3 Planck
Figure 1.20: Planck. Credit:http://planck.caltech.edu/spacecraft.html
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Planck was an ESA satellite launched in 2009. The satellite can be seen in Figure
1.20 above. The aim of the mission was to measure the fluctuations of the CMB
to an accuracy set by fundamental astrophysical limits. In this sense, it builds
upon the legacy of COBE and WMAP. However, Planck also had a prerogative
to provide evidence which would test the theory of inflation. This would require a
study of the polarisation of the CMB more accurate than WMAP and an attempt
to detect primordial gravitational waves via primordial B-modes, which Page et al.
(2007) report WMAP did not achieve. Its map of anisotropies can been seen in
Figure 1.21.
Planck carried two instruments on board: The Low Frequency Instrument
(LFI) and the High Frequency Instrument (HFI). These provide a frequency cov-
erage of 27 GHz to 1 THz. Planck was designed to measure the CMB with more
angular resolution and sensitivity than before. The wider range of signals ac-
cepted by Planck allows it to cancel out foreground sources from the galaxy. HFI
has a resolution of 9.2 arcminutes at 100GHz that reduces to 5 arcminutes at the
higher frequencies > 217 GHz. Despite this, ESA (2015) explain thatPlanck was
unable to conclusively provide evidence for primordial gravitational waves.
Figure 1.21: Planck map of anisotropies. Credit: https://www.cosmos.esa.int/
web/planck/picture-gallery
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1.8.4 CORE
CORE is a proposed next generation satellite mission whose goal is to achieve
unparalleled sensitivity to the primordial B-mode signal of the CMB with the aim
of providing evidence for cosmic inflation. CORE was submitted in late 2016 as
part of the Cosmic Vision M5 medium-class mission call by ESA. It was planned
to utilise a 1.2 m telescope coupled to an unprecedented large focal plane filled
with sensitive detectors. This will allow for a diffraction limited field-of-view of
11◦ on the sky. The focal plane itself will be packed with the latest in detector
technology (and as many as 2100 detectors). This should allow CORE to have a
polarisation sensitivity of less than 2.5 µK, which is 20 times that of the Planck
satellite. The satellite is developed from previous proposals BPOL, PRISM and
COrE. The optical design and analysis of CORE will form a significant part of
this thesis. The model of CORE is shown in Figure 1.22.
Figure 1.22: The final design of the CORE telescope in GRASP.
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1.9 Thesis Outline
The format of this thesis will now be set out, chapter-by-chapter, with a brief
overview of the contents of these chapters (including the author’s contribution
where appropriate).
Chapter 2
This chapter will begin by covering the theory of Gaussian Beam Mode analysis,
a core concept of this work. The analysis software packages GRASP and Zemax
OpticStudio will be explored in greater detail. CAD modelling and meshing tech-
niques will be covered as part of this chapter, given their prevalence in Chapter
5 and Chapter 6.
Chapter 3
This chapter will provide an overview of associated theory and background of
calculations used in this thesis, mainly beam coupling calculations, Gaussicity and
beam ellipticity evaluation. These parameters will appear in resulting chapters
to analyse optical properties of receivers developed by the author. Measurements
with the VNA to characterise new waveguide probes will also be presented.
Chapter 4
The fourth chapter will contain an outline of the meshing process used in the CAD
software FreeCAD, which was subsequently used to define the optical surface of
a mirror in physical optics analysis. The investigation of meshing methods and
the impact of each mesh type on the optical performance of mirror surfaces was
vital to the work carried out on several telescopes and receivers. A comparative
study will be presented comparing the different meshing methods possible and
associated accuracy. Following on from this, another study will investigate the
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effect of the density of a mesh on simulation time and beam prediction accuracy.
This is important as the mirrors of CORE were optimised in CODE V (a com-
mercial ray tracing package) and exported as a CAD model. The surfaces were
non-standard and so preserving the correct profile as the surfaces were exported
and imported between packages is extremely important. A deep understanding
of how the surface of a mirror is defined is needed before mirrors are imported
into GRASP for analysis, where fidelity of a surface definition is paramount.
Chapter 5
The modelling and analysis of the LLAMA receiver will be discussed in this
chapter. The design and verification of the receiver was the responsibility of the
author. The background, aims and design of LLAMA will be explained. Next, the
process of designing and implementing the mirrors of the receiver will be outlined.
The method of physical optics analysis will be described and the results shown
for ALMA Bands 5, 6 and 9. Finally, the procedure of exporting the mirrors for
manufacture will be outlined, given that the mirrors designed by the author were
manufactured for the LLAMA project.
Chapter 6
This chapter will cover the full breath of work which was done modelling and
verifying the different designs of optics for CORE. Two initial telescope designs
for CORE were tested for their suitability for the mission. The preliminary
results from both designs are discussed. The final proposed design for CORE is
then presented and analysed. The process of transferring the design from a CAD
format to one readable by GRASP is described. Once successfully represented
in GRASP, tests using Gaussian source fields were carried out to determine the
quality of the beams produced over the full area of the focal plane, propagated
to the sky for a variety of frequencies and focal plane locations. Finally, the
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process of importing complex geometries will be shown as the baffle and other
shielding elements are imported into the design. The author was responsible for
verifying the CORE optics in GRASP and analysing the optical performance with
software developed to analyse the quality of beams produced by the telescope. All
the import/export procedures between the optics package GRASP and FreeCAD
ensuring correct surface definitions were developed and implemented successfully
by the author.
Chapter 7
The final chapter of this thesis will conclude with a discussion of how the work
presented could be expanded and associated recommendations of the author.
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Theory
2.1 Introduction
This chapter will outline for the analytical techniques and software used through-
out this thesis. The field of quasioptical modelling utilises methods like physical
and geometric optics, physical theory of diffraction and Gaussian Beam Mode
analysis. Gaussian Beam Mode analysis is a method which allows beams of ra-
diation (which have a quasi-Gaussian distribution in their power pattern) to be
modelled accurately and efficiently. This analysis technique will be introduced
in the following section, with subsequent analysis techniques following on from
it. The background mathematical aspects of the various analysis methods will be
discussed in Chapter 3.
CAD will be used in later chapters as an accepted method of transferring
models of telescopes between both computer programs and research groups. This
necessitates a grounding in the subject.
Finally, the reader must also be familiarised with the software and tools used to
carry out the work, lest they be cast adrift in a sea of acronyms and abbreviations.
To remedy this, an overview of the analysis programmes will be provided through
the chapter where appropriate.
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2.2 Quasioptical Systems and Gaussian Beam
Mode Analysis
Quasioptics refers to an optics field of study where beams of radiation are well
collimated but of a similar size to optical components (lenses, mirrors and aper-
tures) used. The comparable size of beam and component means that diffraction
effects become a significant factor to consider. The range of wavelengths where
this occurs covers the microwave to sub-millimetre frequencies and is of particular
interest to this thesis.
2.2.1 The Paraxial Wave Equation
Gaussian beams differ from those encountered in geometrical optics as they do not
originate from a point source and they do contain a transverse wave component.
From Goldsmith (1998), these beams are assumed to be highly collimated, which
is to say that they are very directional and do have the previously mentioned
transverse component. In addition, a Gaussian beam has a power distribution
that is dependent on propagation distance (i.e. its position); the only form of
electromagnetic wave that is not relevant would be the plane wave. Taking this
all into consideration, a paraxial wave equation can be formed to express the
propagation of a Gaussian beam. Goldsmith (1998) explains that a component of
an electromagnetic wave propagating in a uniform medium satisfies the Helmholtz
equation:
(∇2 + k2)ψ = 0 (2.1)
where ψ is any electric E or H magnetic component, k is the wave number which
is equal to 2pi/λ and ∇2 is the Laplacian. Setting the axis of propagation to be
the z-axis, any component of either E or H can be described in Cartesian terms
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as:
ψ(x, y, z) = u(x, y, z)e−jkz (2.2)
where u is a complex scalar function that describes the non-planar part of the
beam. Equation 2.2 can be described in Cartesian terms as:
∂2ψ
∂x2
+ ∂
2ψ
∂y2
+ ∂
2ψ
∂z2
+ k2ψ = 0 (2.3)
According to Goldsmith (1998), Equation 2.2 can be substituted into Equation
2.3 to produce what is known as the reduced wave equation:
∂2u
∂x2
+ ∂
2u
∂y2
+ ∂
2u
∂z2
− 2jk∂u
∂z
= 0 (2.4)
The paraxial approximation assumes that:
• The on-axis variation of the beam will be small compared to the variation
perpendicular to the axis of propagation
• The variation of the amplitude u along the propagation axis will be small
over a distance comparable to one wavelength
The first point implies that ∂
2u
∂z2
<<
∂2u
∂x2
,
∂2u
∂y2
and the latter point implies
that ∂
2u
∂z2
<<
∂u
∂z
. Goldsmith (1998) then mentions that the final second order
derivative can be excluded, leaving the paraxial wave equation:
∂2u
∂x2
+ ∂
2u
∂y2
− 2jk∂u
∂z
= 0 (2.5)
Gaussian beam modes form solutions to the paraxial wave equation and are the
basis of quasioptical system design.
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2.2.2 Gaussian Distribution and Parameters
A Gaussian beam is one whose profile can be described using a Gaussian function:
f(r) = exp
[
−
(
r
ω0
)2]
(2.6)
Goldsmith (1998) mentions that Equation 2.6 above describes a Gaussian function
in one dimension. Here r refers to distance from the transverse axis of the beam.
ω0 refers to the size of the beam waist, the narrowest part of the beam where the
radius of curvature is infinite (i.e. plane).
There are other parameters of the beam required which are contained in the
beam parameter q: (1
q
)
= 1
R
− jλ
piω2
(2.7)
q = z + jpiω
2
0
λ
(2.8)
Equation 2.7 defines the beam radius ω and beam radius of curvature R, both
functions of propagation distance z. λ is the wavelength of the radiation. The
beam parameter q is a complex value. The first part of the equation contains
the real part of q and the second term contains the complex term. Equation
2.8 defines the propagation distance z and the beam waist radius ω0. These two
equations can be used to obtain the radius of curvature R and beam radius ω:
R = z + 1
z
(
piω20
λ
)2
(2.9)
ω = ω0
[
1 +
(
λz
piω20
)2]0.5
(2.10)
The Gaussian beam phase shift, φ0, is the difference between the phase of a
Gaussian beam and that of a plane wave of the same frequency. It is also known
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as the Gouy phase shift. It can be calculated using Equation 2.11:
φ0 = arctan
(
λz
ZR
)
= arctan
(
λz
piω20
)
(2.11)
where ZR is the Rayleigh distance, the distance from the beam waist where the
beam radius is increased by a factor of
√
2. This denotes the point of transition
between a near-field beam and a far-field beam.
Gaussian beams are used to represent the power contained in a beam of radia-
tion. The beam can be said to have two components in a far-field state: co-polar
and cross-polar. The co-polar beam component is the part of the beam that is
polarised in the same orientation as the detector and is considered the main com-
ponent of interest. It is this component that possesses the Gaussian profile. The
cross-polar beam component refers to the orthogonal component of the beam.
Due to this fact, it is treated as noise in the system and it is therefore desirable
that this component be low in power for a linearly polarised detector. Beam
power may be presented as normalised logarithmic plots with units of decibels
(dB). Normalisation is carried out with respect to the peak power of the co-polar
beam, both for co-polar and cross-polar. Assuming that electric and magnetic
field field components are related to each other as with a plane wave, the total
power of the beam is proportional to the square of the electric field integrated
over the beam area (assumed to be circular). Normalisation involves setting the
value of this integral to 1: ∫
|E|2 · 2pirdr = 1 (2.12)
When evaluated at the beam waist, the integral yields a value of piω20/2. The two
methods of beam plotting are shown below in Figures 2.1 and 2.2:
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Figure 2.1: Linear plot of the intensity of a Gaussian Beam with ω0 = 9.6 mm.
Figure 2.2: Logarithmic plot of the intensity of a Gaussian Beam with ω0 = 9.6
mm.
2.2.3 One Dimensional Fundamental Gaussian Beam Mode
When considering a beam that has variation in a dimension x perpendicular to the
axis of propagation but but with uniform behaviour in the orthogonal y direction.
In this case, Equation 2.5 reduces to:
∂2u
∂x2
− 2jk∂u
∂z
= 0 (2.13)
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The beam parameter in this case becomes:
( 1
qx
)
= 1
Rx
− jλ
piω2x
(2.14)
qx = z +
jpiω20x
λ
(2.15)
From Goldsmith (1998), the normalised form of the electric field distribution is
developed from Equation 2.2:
E(x, z) =
(
2
piω2x
)0.25
exp
(
− x
2
ω2x
− jkz − jpix
2
λRx
+ jφ0x2
)
(2.16)
The beam parameters for x are able to be obtained using the equations below:
Rx = z +
1
z
(
piω20x
λ
)2
(2.17)
ωx = ω0x
[
1 +
(
λz
piω20x
)2]0.5
(2.18)
φ0x = arctan
(
λz
piω20x
)
(2.19)
2.2.4 Two Dimensional Fundamental Gaussian Beam Mode
Of course to define a meaningful two-dimensional beam we need a two-dimensional
description. It is more likely that a beam produced by a telescope or receiver
system will be asymmetric, owing to symmetry breaking due to the conic form
of the mirrors in one of the orthogonal directions. A more realistic approach
should include both orthogonal dimensions in any model. This would allow beam
radii ωx and ωy in both x and y to be solved independently of each other, which
in turn would allow additional parameters of the beam to be analysed, such as
its ellipticity (shape relative to a circular beam). Chapter 3 will cover these
methods in more detail than the background presented here.
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In two dimensions, the beam parameter q separates so that the other beam
parameters can be treated independently:
( 1
qx
)
= 1
Rx
− jλ
piω2x
(2.20)
( 1
qy
)
= 1
Ry
− jλ
piω2y
(2.21)
qx = z +
jpiω20x
λ
(2.22)
qy = z +
jpiω20y
λ
(2.23)
The electric field distribution is a simple product of the field distributions in x
and y:
E(x, y, z) =
(
2
piω2xω
2
y
)0.5
exp
(
− x
2
ω2x
− y
2
ω2y
− jpix
2
λRx
− jpiy
2
λRy
+ jφ0x2 +
jφ0y
2
)
(2.24)
The beam parameters for both x and y can be retrieved using the equations
below:
ωx = ω0x
[
1 +
(
λz
piω20x
)2]0.5
(2.25)
ωy = ω0y
[
1 +
(
λz
piω20y
)2]0.5
(2.26)
Rx = z +
1
z
(
piω20x
λ
)2
(2.27)
Ry = z +
1
z
(
piω20y
λ
)2
(2.28)
φ0x = arctan
(
λz
piω20x
)
(2.29)
φ0y = arctan
(
λz
piω20y
)
(2.30)
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2.2.5 Gaussian Beam Coupling
Beam coupling is a method of comparing one beam (usually from an optical
system) to one which is idealised or considered to be correct. The first beam will
be an electric field distribution from GRASP denoted Eb. The second beam could
be characteristic of an optical component or represent an ideal beam generated
under ideal conditions, in this case a Gaussian function. This beam will be
denoted Ea. Beam coupling is used to calculate the shape characteristics of the
beam relative to a Gaussian function and any potential mismatch of the two. The
power transfer, quality and alignment of an optical system can all be inferred from
the coupling. Two beams can be considered imperfectly coupled if either their
beam radii, radii of curvature, relative position or propagation axes do not match.
From Goldsmith (1998), the field coupling coefficient between Ea and Eb can
be expressed as follows:
cab =
∫ ∫
E∗aEbdA (2.31)
Ea and Eb have been normalised to give unity power. Since power is of interest,
the overall phase term can be ignored. This leads to:
cab =
∫ ∫
u∗aubdA (2.33)
This describes the field over the beam area A. Narrowing to a single dimension x
for evaluation:
c1xab =
∫ ∫
u∗a(x)ub(x)dx (2.34)
With this, two dimensional field coupling can now be performed. The two di-
mensional field coupling coefficient is the product of two one dimensional field
coupling coefficients taken at orthogonal angles:
c2ab = c1xab · c1yab (2.35)
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The power coupling coefficient can now be derived as the square of the two di-
mensional field coupling coefficient. This represents the fraction of the power of
Ea present in Eb:
Kab =
(
∫
E∗aEb)2dA∫ |Ea|2dA ∫ |Eb|2dA (2.36)
For offset beams, the power coupling coefficient for two axially aligned beams
must first be described:
Kaxial =
∣∣∣∣∣ 2jλpiωaωb(1/q∗a − 1/qb)
∣∣∣∣∣
2
(2.37)
From Goldsmith (1998), the power coupling coefficient of a two dimensional beam
is then:
Koffset = Kaxialexp
[ −2x20(ω20a + ω20b)
(ω20a + ω20b)2 + (λ∆z/pi)2
]
(2.38)
where Kaxial is the axial power coupling coefficient, x0 is the size of the offset
between Ea and Eb, ω0a and ω0b are the beam waists of Ea and Eb and ∆z is the
distance between the two beam waists along the axis of propagation. To express
this equation in terms of offset alone, the equation is modified to:
K′offset = exp
[
− 2
(
x0
δoffset
)2]
(2.39)
where K′offset is the power coupling coefficient due to offset alone and δoffset is the
lateral offset distance that would reduce coupling amplitude by a factor of e. Its
value is determined by:
δoffset =
[
(ω20a + ω20b)2 + (λ∆z/pi)2
(ω20a + ω20b)
]0.5
(2.40)
This can be simplified if the two beam waists from Ea and Eb are coincident:
δoffset = (ω20a + ω20b)0.5 (2.41)
38
Chapter 2: Theory Physical Optics and Physical Theory of Diffraction
For tilted beams, the power coupling coefficient is given by Goldsmith (1998):
K′tilt = exp
[ −(2pi2θ2/λ2)(1/ω2a + 1/ω2b )
(1/ω2a + 1/ω2b ) + (pi/λ)2(1/Rb − 1/Ra)2
]
(2.42)
where θ is the angle of tilt in the xz plane between beams Ea and Eb, ωa and ωb
are the beam radii of Ea and Eb and Ra and Rb are the radius of curvature for Ea
and Eb at ωa and ωb. As with the offset beams, this equation can be expressed
in terms of tilt alone:
K′tilt = exp
[
− 2
(
θ
θt
)2]
(2.43)
where θt is the tilt which would reduce the coupling amplitude by a factor of e
(similar in function to δoffset). Its value is determined by:
θt =
λ
pi
exp
[
(1/ω2a + 1/ω2b ) + (pi/λ)2(1/Rb − 1/Ra)2
(1/ω2a + 1/ω2b )
]
(2.44)
This expression also has a case for the tilt at the co-located beam waists of Ea
and Eb:
θtwaist =
λ
pi
(1/ω20a + 1/ω20b)0.5 (2.45)
2.3 Physical Optics and Physical Theory of Diffrac-
tion
Physical optics (PO) is an approximation whereby an incident electric field in-
duces currents on the surface of a mirror or lens. Those induced currents then
inform the electric field that will be transmitted by that mirror or lens. According
to Pontoppidan (2015), two assumptions are made in physical optics calculations.
The first is that the surface where currents are being induced is assumed to be
a perfect conductor. The second is that the current induced on that perfectly
conducting surface is assumed to be the same as that which would be induced
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on a planar surface which is infinite in extent and tangent to the surface at the
point at which the total electric field is calculated. The incident and scattered
field are related through the following equation found in Pontoppidan (2015):
EPO = Eincident + Escattered (2.46)
where EPO is the total electric field, Eincident is the field incident on the surface
and Escattered is the field scattered by that surface.
The Physical Theory of Diffraction (PTD) is required to account for the field
at the edge of a surface. Regular PO cannot be used at an edge as the induced
currents are assumed to be the same as those for an infinite planar surface. The
PTD edge currents are calculated using an approximation based on a perfectly
conducting infinite half plane, based on work from Johansen (1996). They can
be considered a correction to any existing PO currents. Thus the full scattered
field can be obtained via:
Escattered = EPO + EPTD (2.47)
2.4 GRASP Overview
The Generalised Reflector Antenna Software Package (GRASP) is an optical anal-
ysis and modelling program developed by Copenhagen-based company TICRA.
It can implement Geometrical Optics/Geometrical Theory of Diffraction, Physi-
cal Optics/Physical Theory of Diffraction and Method of Moments solutions to
analyse an optical system. It is primarily focussed on testing reflector antennae
systems but can simulate lenses with additional add-on packages. In GRASP, mir-
rors are treated as reflector objects with multiple properties that are positioned
in a 3D environment. The main parts that will be covered in this chapter will
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be geometrical objects (which construct the optical components) and electrical
objects (which are used in calculations). PO calculations alone will be discussed
as GO, GTD and MoM were not used. Figure 2.3 displays the user interface of
GRASP.
Figure 2.3: The GRASP User Interface. The menu on the far left allows the user
to switch between the model, commands and PO results.
2.4.1 Geometrical Objects
A reflector object requires many components to function. The process of creating
one of these objects will be discussed, hopefully illustrating the different object
types in GRASP and their functionality. Reflectors need a minimum of three
components to be defined in the GRASP environment: A surface object, a rim
object and a coordinate system object. The surface defines the mathematical
surface description or profile of the mirror while the rim object defines the area
of the finite part of the mirror (surface edges are included for diffraction calcu-
lations). Put simply, the surface defines the shape of the mirror and the rim
defines the usable part of that surface, much like a cookie cutter or a hole punch.
The coordinate system controls how the mirror is placed and oriented in the 3D
environment.
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2.4.2 Surface and Rim Definitions
The user has a large choice of surface object. The three classic conic surfaces
(parabola, ellipse and hyperbola) are available for use along with a general pre-
cursor class called “Conic Mirror Surface” which can represent all three surfaces.
Figure 2.4: A surface in GRASP showing the full defined surface and the mirror
area enclosed by the rim.
The parabola class requires two quantities: The focal length of the parabola
and the vertex location with respect to the reference coordinate system of the
parabola. Ellipsoids and hyperboloids both require a vertex and foci distance,
which are the major axis and interfocal distance. The ellipsoid requires an addi-
tional quantity: the axis angle. This is the angle which the ellipse will need to be
rotated in order for the correct part of the surface to be used. These objects will
be discussed in greater detail in Chapter 5. In addition to the conic surfaces,
there is also a planar surface and other common surface definitions like spherical
surfaces and second-order polynomial definitions. A tabulated surface composed
of a regular/irregular grid of points can also be used. Chapter 4 is dedicated to
this type of surface as they were crucial to the work undertaken for CORE and
LLAMA.
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The rim object can take the form of a 2D shape in broad categorisation, from
elliptical and triangular to rectangular. A polynomial definition for the edge can
be used. Should the user possess the mirror rim defined in grid form, that can be
used as well. Figure 2.4 portrays the surface and rim object together.
2.4.3 Coordinate Systems
Coordinate systems are a key component of any reflector system. The placement
and orientation of a reflector is determined by its coordinate system object. There
is no inherent reference frame in GRASP; the user must instead create their own
global coordinate system to serve as a base for the others. The global coordinate
system is simply one which lacks a base coordinate system:
Figure 2.5: A global coordinate system in-editor. A coordinate system with a
base of <None> will always be a global coordinate system.
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Looking to Figure 2.5, the origin section controls the placement of the coordi-
nate system in reference to its base. The unit for each translation can be adjusted.
The base coordinate system can be selected from a drop-down list of existing co-
ordinate systems. The coordinate system can also be translated to a different
base coordinate system, adjusting the origin and orientation values to reflect the
new base. This will not change the coordinate systems actual location, however.
This can be done simply by selecting a new base from the drop-down list.
The placement of the coordinate system occurs before the coordinate system
is oriented. There are three available methods by which a coordinate system is
oriented: Cartesian, Euler and GRASP.
Figure 2.6: Editor window showing the normalised x, y and z components of the
x, y and z axes of a coordinate system.
Figure 2.6 displays the Cartesian orientation system. Orientation is achieved
in this mode via an Euler ZY ′Z ′′ rotation matrix, whose resultant form R form
is:

cos θ cosφ cosφ− sin θ sinψ − cosψ sin θ − cos θ cosφ cosψ cos θ sinφ
cos θ sinψ + cosφ cosψ sin θ cos θ cosψ − cosφ sin θ sinψ sin θ sinφ
− cosψ sinφ sinφ sinφ cosφ
 (2.48)
where θ, φ and ψ are the classic elemental Euler rotations of α, β and γ.
The name “Cartesian” derives from the fact that the components by row of the
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rotation matrix form points for the x, y and z axes of the coordinate system.
There are options to orthogonalise one or two axes of a coordinate system when
one axis is known; for example, if a user is orienting a coordinate system z axis
using a normalised vector, then the x and y axes can be orthogonalised to create
a functional coordinate system. An axis of the coordinate system can be also
be normalised in GRASP, a quality of life feature that can help when batch-
producing coordinate systems that are aligned with vectors.
Figure 2.7: A coordinate system in-editor displaying a rotation defined by Euler
angles.
Figure 2.7 displays the Euler angles tab. This mode allows the coordinate
system to be oriented using classic Euler rotation angles of φ/α, θ/β and ψ/γ.
Any orientation can be achieved using a composition of these three rotations. As
mentioned previously, the method of rotation is an Euler ZY ′Z ′′ rotation. First,
the system is rotated about the z axis by φ. The new rotated axes are denoted
x′, y′ and z′. Next, the system is rotated about the y′ axis by θ. The doubly
rotated axes are now denoted x′′, y′′ and z′′. Finally, the system is rotated about
the new z′′ axis by ψ. Needless to say, this method is tied closely to the previous
Cartesian mode. The rotation can be described using Euler rotation matrices:
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Y =

cos θ 0 sin θ
0 1 0
sin θ 0 cos θ
 (2.49)
Z =

cosφ − sinφ 0
sinφ cosφ 0
0 0 1
 (2.50)
Matrix multiplication is done in the reverse order with respect to the rotations.
For GRASP, the resulting matrix will have the form presented in Equation 2.48.
The Euler angles can be extracted from this matrix with the following relations:
θ = arctan(cosφ) (2.51)
φ = arctan
(
sinφ sinψ
− cosψ sinφ
)
(2.52)
ψ = arctan
(
sinφ sinψ
cosφ
)
(2.53)
Figure 2.8: A coordinate system in-editor showing a rotation formed via a com-
bination of GRASP angles. There will be value overlap between these angles and
the Euler angles.
Figure 2.8 shows the GRASP angle orientation tab. GRASP contains a pro-
prietary rotation which the user can avail of. Unlike the previous modes, this
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one preserves the orthogonality of the xyz unit vectors. The three associated
rotations are θ, φ and ψ First, the x and z axes are rotated by θ about the y
axis of the coordinate system. The angle φ is used to tilt the xy plane along
which the x and z axes move. This combination give the partially rotated x′y′z′
coordinate system. To complete the rotation, the system is then rotated about
the new z′ axis by ψ. This rotation is useful when defining the pointing of a feed.
θ and φ determine the direction the feed points and ψ controls the polarisation
direction of the feed. The reader may notice similarities between Figures 2.7 and
2.8. The GRASP angle θ is the equivalent of the Euler angle β and the angle φ is
the equivalent of α. However, the angles ψ and γ are not directly related to each
other, instead one can translate between the two given γ = ψ−φ and ψ = γ+α.
With all the components in place, the creation of a reflector object is quite
straightforward. Figure 2.9 displays the object editor for a reflector object:
Figure 2.9: Primary Mirror Object Editor. The constituent objects can also be
accessed from this window.
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The surface, rim and coordinate system are incorporated at the top. There
exists the possibility to create a centre hole in the reflector, such as would be
required with any on-axis telescope. A file containing surface distortions can be
included. Serrated mirrors can be created in this editor given that PO analysis
must be altered for these mirror types. Finally, the electrical properties of the
reflector can be set. This is necessary for half-silvered mirrors, polarising grids,
wire-mesh reflectors and many more. Once the basic criteria have been met for
creation, the reflector will be added to the system display over to the right.
2.4.4 Electrical Objects
Electrical objects in GRASP are those concerned with the functioning of PO
calculations. There are a number of useful classes under covered by this category,
allowing a model to become more complex by customising the electrical properties
of reflectors or allowing analysis of mechanical struts. Objects required to use
the alternative calculation methods of Geometric Theory of Diffraction (GTD)
and Method of Moments (MoM) may be found here. However, all analysis in
this thesis was done using PO. The three required components to carry out PO
analysis in GRASP are 1) feeds, 2) field storage and 3) PO analysis objects.
Like with reflectors, there are objects that must be implemented before these
components can be realised.
2.4.5 Feeds
Feeds are sources of radiation that are used as a starting point in PO analysis. In
GRASP, these feeds can be planar antennae, horn antennae and Gaussian beam
radiation patterns. Discussion will focus on the latter source as neither of the
other two were used extensively. Gaussian patterns can be generated using either
a beam waist ω0 value or a combination of beam radius ωx and radius of curvature
Rx. This method assumes there is no inherent aberration at the source location.
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Taper angles can also be used to construct a pattern, but these were not used.
Figure 2.10: Near-Field Definition Gaussian Beam editor. A beam of waist
5.13946 mm will be propagated along the z-axis of “Central Feed Coord”. The
tab selectors at the top of the window allow frequency and coordinate system
objects to be accessed from here.
Figure 2.10 shows the editor window for a near-field definition type of feed
pattern. The operational frequency is taken in as a separate object, and is simply
a list of frequency values in gradations of Hz. Having a phase front radius of 0
m indicates a special case where the beam is originating from a waist location.
Beam radius here is the beam waist radius ω0 and the radius of curvature R is
infinite (i.e. planar). Non-zero values for this entry will represent a propagating
beam with a certain beam radius ω and radius of curvature R. The polarisation
be set to Linear X, Linear Y, Right-Hand Circular and Left-Hand Circular. The
feed is a physical object in GRASP and must possess a coordinate system. The
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axis of propagation is z-axis by default. Figure 2.11 shows a feed in GRASP.
Figure 2.11: A near field Gaussian beam source propagating along the z-axis of
the base coordinate system of the source.
2.4.6 Field Storage
Field storage refers to any method which records the power distribution of an
incident Gaussian beam. Functionally, they represent a plane where a beam
profile is examined. The two field output options that will be discussed are cuts
and grids. Cuts are one dimensional field storage objects. They can be planar,
circular or cylindrical. As they are 1D objects, they record “cuts” through the
incident beam. They require a range in appropriate units for the type of cut: mm
for planar, degrees for spherical and both for cylindrical. The sampling is also
specified by the user via a set number of points along the range of the cut where
the field is evaluated. A range of angles can also be set for a number of cuts in
different directions. Grids are two dimensional field storage objects which capture
the power of a beam over an spherical surface area projected on a plane. Like cuts,
they can be planar, spherical and cylindrical, with units and sampling working
the same. These objects can record either the E or B field components. Both will
capture the co-polar and cross-polar beam components. Like with detectors, each
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object must specify which type of polarisation it is receptive to. For spherical
field storage, the user must choose whether the near or far field beam will be
measured. Finally, a file-path must be provided where the recorded data will be
stored. Figure 2.12 shows the object editor for spherical grids:
Figure 2.12: The object editor for a spherical grid. This will be the most com-
monly used field storage object alongside planar grids.
2.4.7 PO Analysis Objects
The last component to discuss are PO analysis objects. As the name suggests,
these objects are used in GRASP’s PO/PTD calculations. They are used to store
the currents induced on a reflectors surface (as well as at the edge). The two
which will be encountered in this thesis are single and multi-face scatterer PO
objects. in essence, the first treats a reflector as a solid object where currents are
analysed across the whole face at once. CORE ’s three mirrors are an example
51
Chapter 2: Theory GRASP Overview
of reflectors treated as single-face. The second object is used where a reflector
is composed of multiple smaller faces. CORE ’s thermal shielding and baffling
are examples of this. While the second method is more advanced and versatile
that the former, it pays for this in calculation time and memory requirements.
Currents must be evaluated at each face comprising the reflector: the more faces
there are, the larger the calculation.
Figure 2.13: The object editor for single-face scatterer PO objects.
Figure 2.13 shows the editor window for single-face scatterer PO objects. PO
analysis objects require first and foremost: a reflector. They attach themselves to
the specified reflector but can also be positioned with a coordinate system. The
method determines whether PO, PTD or PO+PTD will be used in calculations
incorporating the object. The number of PO and PTD points can be manually
set, or automatically worked out by GRASP by leaving default values in place.
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Finally, a frequency must be specified for these objects. As they record currents
induced at a reflector, once implemented, PO analysis objects can store these
currents for later use.
2.4.8 Commands
Once the necessary model is in place, GRASP can carry out calculations via user
commands. These commands are managed by the commands window, seen in
Figure 2.14.
Figure 2.14: The Commands Window in GRASP. Commands are executed in the
order they appear on the list.
The necessary commands to carry out PO analysis are “Get Currents”, which
calculates induced currents on a reflector, and “Get Field”, which is used to record
the beam with field storage objects. “Get Currents” is a simple command that
requires a feed and PO Analysis object. Currents are generated in a chain-like
fashion, mirroring the propagation of a real beam through an optical system. The
field that is calculated must also converge on the next reflector in the chain. For
example, when currents are calculated for CORE ’s folding mirror via the focal
plane feeds, they must converge on the secondary mirror. The field accuracy is
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used to select the accuracy of the calculations. The PO integration can be said to
be converged when a small increase or decrease in sampling causes a change that
is less than the field accuracy. By default this value is -80 dB but calculations
presented in this thesis typically used a value of -120 dB.
The “Get Field” command retrieves the currents stored in a PO Analysis object
and computes the field by integrating those currents. The target object is a field
storage object, which contains the parameters for the field to be calculated. Figure
2.15 shows the final product of a calculation:
Figure 2.15: Spherical grid output containing a field calculated via PO. Contours
have been fitted by GRASP in this file viewer.
GRASP calculations are always recorded in output files. These files list the
internal processes and hidden number-crunching that GRASP runs through when
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carrying out a calculation and is essentially a long form version of the screen
output shown to the user. Given this fact, they can be a valuable resource should
one wish to understand how a calculation is being performed in greater detail.
2.5 Zemax OpticStudio and Mirror Optimisa-
tion
2.5.1 Overview of OpticStudio
Zemax OpticStudio is a ray-tracing and geometrical optics analysis program. It
is primarily designed for the testing of lenses, but can also simulate mirrors.
OpticStudio can operate in two modes: Sequential Mode and Non-Sequential
Mode. The choice of mode determines the type of propagation of rays through
an optical system. Sequential mode has rays propagate from optical surface to
optical surface from a source down to an output grid. It is capable of paraxial
Gaussian beam analysis as well. Surfaces are created using the Lens Data Editor,
seen in Figure 2.16:
Figure 2.16: The Lens Data Editor of OpticStudio.
Figure 2.16 shows the Lens Data Editor. In this case, rays will propagate from
Object 0 through to Object 5 sequentially. Object 0 is always the entrance pupil,
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Object 1 is typically the aperture stop and the last surface is the image plane. The
surface type attribute determines how the surface will be defined. Radius refers
to the radius of curvature of the surface. Thickness is an important attribute.
For paraxial lenses, thickness is just the spacing between each lens and optical
element. For non-paraxial lenses, thickness defines the distance from the widest
part of the lens to the centre of the lens, not the thickness of the lens as might be
assumed. Two surfaces are required to define a thick lens; one each to represent
the two sides of the lens. For mirrors, thickness is the distance from the previous
surface to the point where the centre ray strikes the mirror. Material and coatings
can be applied to a surface. OpticStudio has a large built-in catalogue of glass
types and coatings for lens design, while MIRROR is a special type of material
used to model mirrors by altering the propagation behaviour of the rays. Finally,
semi-diameter defines the radius of each object. A 3D plot of the optical system
can be created (solid or wireframe) and an example can be seen in Figure 2.17
below:
Figure 2.17: A plot of the ALMA Band 9 Receiver in OpticStudio. Both 2D and
3D plots are available.
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Non-Sequential Mode has rays propagate from an entrance slit through the op-
tical system, passing through an reflecting off objects as they are encountered, not
as they are listed. The Lens Data Editor is now the Non-Sequential Component
Editor, seen in Figure 2.18:
Figure 2.18: The Non-Sequential Component Editor.
The form of this editor is similar to the previous one. Objects are no longer
positioned according to thickness, but rather placed in a 3D Cartesian space.
Tilts about the xyz axes of an object is also possible. Material can be chosen as
before. Radius is now used in place of semi-diameter. Object types are different
from the lens data editor due to the different nature of each mode. This mode of
OpticStudio can only produce solid 3D plots (see Figure 2.19):
Figure 2.19: A plot of a sample non-sequential illumination system in OpticStu-
dio. Only 3D plots are available in this mode.
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Sequential mode is used primarily for the work described in this thesis. Non-
sequential mode was only used when CAD files containing mirror objects needed
testing. In addition to modelling lenses and mirrors, OpticStudio comes with
built-in analysis and tolerancing tools. A large database of articles and examples,
The Zemax Knowledgebase (www.zemax.com/os/resources/learn/knowledgebase),
complements a well fleshed out user manual. A unique feature of the program
are its powerful optimisation tools.
2.5.2 Optimisation
Figure 2.20: The optimisation tab in OpticStudio.
The optimisation feature allows various parameters of a lens system (or a mirror
system) to be altered in order to achieve some user-defined goal for the system,
such as a beam waist at the focal plane of a specific size. It can operate in two
modes: Local and Global. Global optimisation uses an algorithm to effectively
design a number of optical systems to suit pre-defined specifications. In many
ways this can be considered to produce the best possible optimisation to a user’s
request. That said, its use is not recommended for novice users due to long
computation times and the non-interactive nature of this mode. This fact made
the global mode unsuitable for our purposes and so it will not be discussed further.
Local optimisation works instead by adjusting specific parameters of an existing
optical system. The optimisation tab is shown above in Figure 2.20.
The optimiser works by using operands. An operand is a single command used
by OpticStudio to perform a calculation or carry out a function. OpticStudio uses
these operands to compute a wide range of specific properties, from beam radius
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of curvature to surface sag. By adjusting aspects of a mirror system and recom-
puting parameters (via the operands), OpticStudio can incrementally reconfigure
that system to achieve the user’s desired goal. OpticStudio can only manipulate
properties in the Lens Data Editor that have their solve type set to “Variable”.
Some operands available for use are listed below with a brief description as to
their purpose:
• POPD: Physical Optics Propagation Data. Calculates a multitude of dif-
ferent physical optics properties, including Gaussian beam waists, radii of
curvature and beam total power.
• GBPW: Gaussian Beam Paraxial Waist. Calculates the size of a Gaussian
beam waist following a chosen surface.
• GBPP: Gaussian Beam Paraxial Position. Calculates the position of a
paraxial Gaussian beam waist following a chosen surface.
• GBPD: Gaussian Beam Paraxial Divergence. Calculates the divergence of
a paraxial Gaussian beam following a chosen surface.
• GBSW: Gaussian Beam Skew Waist. Calculates the size of the waist of a
skewed Gaussian beam following a chosen surface.
• GBSP: Gaussian Beam Skew Position. Calculates the position of a skewed
Gaussian beam waist following a chosen surface.
• OPDX: Optical Path Difference. Calculates the optical path difference
between a chosen wave and the mean OPD.
• DISG: Generalised Distortion operand. Calculates wavefront distortion as
a percentage.
• CVGT, CVLT, CVVA: Constrains curvature of a surface to be greater
than, less than or equal to a certain value.
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• EFFL: Calculates effective focal length of the optical system.
• EFNO: Calculates F/# number of a system.
The most relevant operands to the work carried out would be POPD, GBPW
and GBPP. The skew operands were also looked into as alternative to the paraxial
operands.
The representation of the user’s goal for a system is known as the Merit Func-
tion. Optimisation proceeds based on finding the local or global minimum of
that Merit Function. Note that an infeasible design cannot be magically fixed
by use of the optimiser; the design must be valid beforehand for the best results.
Additionally, the user must have a clear set of quantifiable goals in mind when
optimising their design, “a better PSF” simply will not do. The Merit Function
is composed of operands, such as those above, chosen by the user. OpticStudio’s
Merit Function Editor can be seen below:
Figure 2.21: Merit Function Editor showing an active operand.
Figure 2.22: Merit Function Editor showing two active operands.
The left-hand columns of both Figures 2.21 and 2.22 are used to configure
each operand. The type column holds the user’s choice of operand. The “Surf”
column selects which surface will be targeted for optimisation. Wave and Field
allow selection of wavelengths which in turn affect some of the values in the
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“Value” column. “Data” is used in multi-faceted operands to select which value
the operand can compute will be selected for optimisation. Finally, “Xtr1” and
“Xtr2” are extra columns which hold ancillary information required by some
operands to function.
Turning to the columns on the right of Figures 2.21 and 2.22, the value and
target columns contain the current value of the selected operand and the value
the user wishes for that operand respectively. The percent contribution column
denotes how much of the value of the Merit Function is due to that operand. A
large discrepancy between value and target will increase the percent contribution
for an operand. Weighting will also increase the percent contribution, but has
other important functions as well and so will be discussed in the next paragraph.
The value of the Merit Function is given by the Equation 2.54:
MF 2 =
∑
Wi(Vi − Ti)2∑
Wi
(2.54)
where Vi is the current value of an operand and Ti is the target value of that
operand. Wi is the weighting of an operand.
Weighting an operand can have a dramatic effect on the course that an opti-
misation takes. There are 3 main ways that an operand may be weighted:
• Weight greater than zero: The higher an operands weight contribution
(represented as a percentage in Figure 2.23), the more the program will try
to achieve the desired value for that operand.
Figure 2.23: Weighting greater than zero.
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• Weight equal to zero: Tells OpticStudio to ignore the operand but still
calculate the corresponding value. This can be used to monitor the value
of an operand as optimisation occurs. Figure 2.24 shows the editor for this
case.
Figure 2.24: Weighting equal to zero.
• Weight less than zero: Tells OpticStudio to treat the operand as a La-
grangian multiplier, essentially forcing OpticStudio to achieve the target
value at the expense of other operands. This fact will not be represented in
the editor. Figure 2.25 shows the merit function editor for this case.
Figure 2.25: Weighting less than zero.
Once the value of the Merit Function has been calculated, an optimisation
can finally be undertaken. Once running the optimiser will adjust those operands
which have been denoted as “Variable” and then recalculate the value of the Merit
Function. This process will loop until a local minimum of the Merit Function is
found (i.e. additional adjustments will only lead to an increase in Merit Function
value). The user has some control over how the optimisation proceeds, which are
accessed from the optimisation window seen in Figure 2.26:
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Figure 2.26: UI window launched when starting an optimisation.
The user can first choose which optimisation algorithm they desire: A damped
least squares (DLS) or orthogonal descent (OD) algorithm may be used. DLS was
used for the optimisations given that it is recommended by Zemax as a capable
algorithm for all optical systems. OD is more suited to non-sequential designs.
The number of cores used in the computation can be adjusted. The cycles option
defaults to automatic, this means that the algorithm will continue until it reaches
a point when a reduction in merit function value seems unlikely. The user can
override this to perform only 1 optimisation cycle, 5 optimisation cycles or infinite
optimisation cycles. The last option is useful to have should the user suspect the
algorithm is getting hung up and that a better variant of the system might exist.
In any case, the user always has the option to manually stop the optimiser. The
starting point for all the optimisations performed by the author was an unedited
version of the ALMA Band 9 receiver.
2.6 CAD and Meshing Techniques
CAD is, simply, the use of computers to create and analyse a design. CAD soft-
ware refers to computer programs that are built to carry out this vision. Within
such programs, the design may be drafted, modified and measured through graph-
ical representative objects within a two or three dimensional space. Programs
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such as these aid engineers by cutting down design times and allowing testing
and tolerancing of those designs.
CAD plays an important role in designing optical systems. While OpticStudio
and GRASP allow a user to create mirror objects using surfaces and mathemat-
ical definitions, mechanical analysis of those objects is not within the scope of
those programs. Mechanical structures which are vital to the functioning of such
optical systems (support struts, field stops, cowling and shielding) are, in most
cases, not the purview of these programs. Despite this, these objects will have
an effect on the optical quality of these systems and must therefore be consid-
ered in testing. A relevant example would be the thermal shielding and service
module of the CORE telescope. CAD allowed these components to be imported
into GRASP for analysis where otherwise these components would be very dif-
ficult to implement, if not impossible. There is also the mundane concern that
research collaborators may not use the same analysis software as is used here
in Maynooth. In this circumstance, CAD acts as a convenient and trustworthy
intermediary form for existing optical models. For example, take an existing mir-
ror system which has been optimised in OpticStudio. No doubt the researcher
would want to test the new mirrors to quantify any differences between the two
designs. GRASP offers a more robust physical optics analysis regime, so it would
be necessary to transfer the optimised mirrors between the two programs. This
would be impossible without heavy reformatting of a project file. CAD offers
that researcher the ability to transfer the mirrors between the two programs via
a process known as meshing.
In CAD terminology, meshing is the process of representing an object through
a series of points, fitted to the object and joined together in some fashion to create
a group of cells. There are various methods developed to accomplish this. These
methods will be discussed in greater detail in Chapter 4, which is dedicated to
64
Chapter 2: Theory CAD and Meshing Techniques
meshing, while a general overview will be provided here. Two-dimensional meshes
were used exclusively by the author, so three-dimensional meshing techniques
will not be discussed further. In a broad sense, there exist two types of mesh:
regular and irregular. Regular meshes have points fitted to the surface in regular
intervals with each cell being well structured and laid out in an ordered fashion.
In 2D, the shape of the cells will be of a quadrilateral form. These meshes make
better use of computation time and space. There are some complex shapes where
these patterns may break down, however. Irregular meshes have no set structure.
They are able to represent more complex shapes given that each cell can be of a
different area. In 2D, cells take the form of triangles. However, they require more
computation time and space as each cell could be connected to others of greatly
varying size with no explicit regularity.
Irregular triangular meshes were the type chosen for the work presented in this
thesis. The author had no access to CAD programs capable of producing regular
meshes. Irregular methods are more popular and tend to be the prevalent forms
available in most CAD programs. Additionally, GRASP would accept either mesh
type when fabricating mirrors but the ability of irregular meshes to reproduce
complex shapes means that they can fit to edges of an object better than the
regular meshes. Mirror edges play an important part in PTD calculations. Figures
2.27 and 2.28 show examples of regular and irregular meshes respectively.
Figure 2.27: A regularly structured mesh. Credit: By Slffea, Mysid - Drawn by
Slffea, vectorized by Mysid., CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?curid=1367873
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Figure 2.28: An irregularly structured mesh. Object is the primary mirror of the
CORE telescope.
2.7 Summary
The chapter began with an introduction to the fundamentals of quasioptics and
Gaussian beams. Beam parameters such as beam radius ω, beam waist radius ω0,
beam radius of curvature R and Gouy phase shift φ0 were introduced. Co-polar
and cross-polar beam components were explained and the process of normalisa-
tion for Gaussian beams was set out alongside plotting options for these beams.
One and two dimensional beam modes were discussed with equations provided
to determine the beam parameters for each mode. Gaussian beam coupling, a
method by which fields of radiation may be evaluated was discussed next. This
section ended with a brief discussion of PO and PTD and how both are used to
determine the full scattered electric field from a surface.
GRASP was covered in detail in this chapter. Geometrical objects were dis-
cussed first, beginning with the use of both surfaces and rims to define a reflector.
The options available when creating a reflector were also discussed, such as set-
ting the electrical properties of the reflector surface. The different methods of
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positioning and orienting objects in GRASP were explained with a focus on the
rotational methods one can use. Electrical objects such as feeds, field storage and
PO objects were covered in detail with explanation on how to construct each type
of object. Lastly, the command system was discussed. Discussion of individual
commands was limited which those which computed currents on reflectors and
retrieved fields from storage objects, given that these were the most common ones
used and necessary for any analysis run.
The creation of optical systems in OpticStudio was discussed. Both sequential
and non-sequential modes of propagation were covered, including the function of
the lens data editor and non-sequential component editor. The methods of creat-
ing optical systems in both modes were also discussed. The optimisation feature
of OpticStudio was in detail with a focus on local optimisation. Optimisation
operands of use in quasioptics were listed with a brief description supplied for
each. The core of any optimisation effort, the merit function, was covered along
with the weighting system and its effects.
Finally, the applications of CAD in quasioptics were touched on briefly in this
chapter. Meshes of mirrors and other key elements of an optical design allow them
to be transferred between analysis programs and CAD environments. The dif-
ferences between regular and irregular meshes were discussed, including benefits
and drawbacks of each type.
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Analysis of Beams
3.1 Introduction
This chapter follows on from the previous one by discussing the mathematics
and calculations involved in later chapters. Fitting routines are a vital tool in
optics analysis and will be used frequently to characterise the beams produced
by GRASP. The parameters that are to be fitted to a beam (beam radius, off-
sets etc.) will be explained alongside those which are derived from fitted data
(beam ellipticity). Ray matrices are used to model propagation of radiation and
Gaussian beam fits are functions used to compute beam parameters. Both can be
used in conjunction to model the propagation of a specific Gaussian beam, mak-
ing them powerful verification and characterising tools for designing optical sys-
tems. Additionally, some work undertaken early in the masters will be presented.
Waveguide probes of a novel, bespoke design were verified using the Department’s
VNA. Early investigations into the methods of creating patch antennae in CST
Microwave Studio will also be presented. Finally, work done attempting to op-
timise the mirrors of the ALMA Band 9 receiver using OpticStudio to improve
aspects of the design will be discussed.
3.2 VNA Measurements with New Waveguide
Probes
The VNA is a tool for analysing both the magnitude and phase of electromagnetic
radiation. Figure 3.1 shows the ports where the radiation is emitted with the VNA
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itself in the background. It emits in the W band (75 - 110 GHz).
Figure 3.1: The VNA ports showing the waveguide probes attached.
3.2.1 Theory
The new waveguides were produced by the company SWISSto12. Each waveguide
consists of a red plastic exterior which has been fabricated with a 3D printer. The
interior and rear portion of the waveguide is plated with gold to aid transmission,
like traditional metal waveguide designs. These probes had been designed in
Maynooth to have good symmetric beam patterns while having excellent matching
to free space impedance (i.e. low S11 return loss) for the probe. Measurements
were required to verify their performance. Multiple reflections between the probe
apertures were measured at a low level with the optimised designs. The author
used this measurement campaign to gain experience in quasioptical measurements
in the W band.
There were two types of waveguide probe under test: A stepped circular waveg-
uide probe and a truncated rectangular probe. The former can be seen in Figure
3.2 and the latter in Figure 3.3.
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Figure 3.2: The circular waveguide probe.
Figure 3.3: The rectangular waveguide probe.
The expected S11 parameters for the standard waveguide probes and the newer
truncated rectangular and stepped circular probes are displayed in Figures 3.4,
3.5 and 3.6:
Figure 3.4: Expected S11 of standard probe for 75 - 110 GHz.
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Figure 3.5: Expected S11 of rectangular probe for 75 - 110 GHz.
Figure 3.6: Expected S11 of circular probe for 75 - 110 GHz.
The above figures are credited to Dr. Marcin Gradziel. Please note that
“F1pw” is the coupling of the probe to a plane wave, “F1ref” is the power trans-
mitted through the aperture calculated with CST and “F1 MODAL” is that same
power through the aperture calculated with MODAL, which does not include
freespace impedance matching.
3.2.2 Measurements
Measurements were taken over the course of two weeks in October 2015. The
VNA was calibrated using the Through-Offset-Short-Match (TOSM) method.
After calibration, the short cables were attached to both port one with long
cables on port two. Calibrations were especially important as the VNA was quite
susceptible phase drift due to temperature changes.
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Measurements began simply by first aligning both ports. Port 1 was placed on
a z-translation stage which would allow the effect of moving the ports away from
each other to be investigated, increasing inter-aperture distance to characterise
the coupling. The ports were aligned in the x and y directions to ensure both were
not tilted relative to one another. Port 2 was placed onto an x − y translation
stage which would allow a 2D field profile to be measured using an xy raster scan
over a planar area.
Each measurement consisted of the following routine: Port 2 would move along
the x − y translation stage to build up a grid of amplitude and phase measure-
ments, while Port 1 remained at its home position. Once the grid had been
completed, the z-translation stage would move back by an amount specified by
the step size and another planar xy grid would be measured. This pattern would
repeat until the z-translation stage reached its safe end distance. A review of
these measurements is covered in the next section.
3.2.3 Results
Measurements were performed with both the circular and rectangular waveguide
probes. The results of the measurements taken with the VNA are located below:
Figure 3.7: S11 parameter of rectangular probe at W band centre frequency 95
GHz. Distance is in metres.
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Figure 3.8: S12 plot of the truncated rectangular probe with increasing z distance
over the 75 - 100 GHz range.
Figure 3.9: S11 parameter of circular probe at W band centre frequency 95 GHz.
Distance is again in metres.
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Figure 3.10: S12 plot of stepped circular probe with increasing z distance over
the 75 - 100 GHz range.
The new probes were found to be an improvement over both the current
waveguide probes and a naked waveguide and shows a standing wave/multiple
reflections between the probes. These standing waves are unavoidable in on-
axis systems but the amplitude of these reflections are decreased with the probe
designs. In comparison with each other, Figures 3.7 and 3.9 display the S11
parameters for the rectangular and circular probes respectively. The rectangular
probe was found to have a lower overall S11 parameter than the circular probe,
varying between -20 dB to -32 dB as opposed to -11.5 dB to -13.25 dB for the
circular probe. The variation of S11 with distance is more consistent with the
circular probe than with the rectangular probe but the rectangular probe will
reach a convergent S11 power (equal to “F1ref” from Figure 3.5) faster as a result.
This is due to the fact that the amplitude of the standing wave (due to reflection
between the probes) will decrease with distance between the probes.
Moving to Figures 3.8 and 3.10, these display the power transmitted between
the two ports (S12) using the rectangular and circular probes respectively. The
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separation was increased from 0 mm to 300 mm to investigate the power loss
with distance. Figure 3.8 shows that the rectangular probe displays variation in
transmitted power when scanning across the frequency band. The transmitted
power drops with increased distance between ports, lowering from -35 dB at 75
GHz when together to -50 dB at a distance of 300 mm. Figure 3.10 displays
the transmitted power for the circular probe. In comparison, the transmitted
power across the frequency range is more stable than that of the rectangular
probe. The power loss for the circular probe is also lessened, dropping from -30
dB at 75 GHz when together to -45 dB when separated by 300 mm. Overall,
the higher and more consistent transmitted power of the stepped circular probe
makes it more useful in more circumstances than the truncated rectangular probe.
The measurements match simulations for both probes and therefore verify the
waveguide probe designs.
3.3 Investigation of Patch Antennae
An initial study of simple patch antennae was carried out to begin gathering
knowledge of antenna designs and also to practice modelling in CST Microwave
Studio (created by Dassault Syste´mes (2012)). CST (Computer Simulation Tech-
nology) is an antenna testing software package. Various types of antennae can be
constructed within a CAD-like environment. There is a robust suite of analysis
tools that allow the power radiated by an antenna to be characterised, utilising
time-domain and frequency-domain calculations. As a result, it is in use fre-
quently in the Experimental Physics Department as a prototyping tool. The two
types of antenna studied were patch antennas (also known as microstrip antennas)
and log-periodic antennas. However, only the patch antennas will be discussed
as they were the only design implemented in CST.
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3.3.1 Theory
Patch antennas consist of a thin metal strip (usually square, rectangular or circu-
lar) known as a patch. The patch is mounted over a larger sheet of metal called
a ground plane. Together these two plates form a resonant piece of transmission
line with a length approximately half the wavelength of the radiation that the
patch is designed to detect. The patch is slightly larger electrically than phys-
ically due to the behaviour of radiation at the edges of the patch. The patch
should be slightly shorter than necessary for a given frequency to compensate.
This type of antenna is usually constructed on a dielectric substrate like PCB.
Drabowitch et al. (1998) provided many of the formulae used in this section. The
addition of the ground plane cuts off most of the radiation behind the antenna.
The height of the gap between the patch and ground plane is typically smaller than
the intended wavelength but should not be smaller than 340 of the wavelength.
The centre frequency of operation of the patch antenna can be determined
using Equation 3.1:
f c =
1
2L√0rµ0 (3.1)
where L is the length of the patch and r is the relative permittivity of the
dielectric substrate. L is usually half the length of the intended wavelength.
Figure 3.11: Geometry of a patch antenna. (Credit: www.antenna-theory.com)
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Figures 3.11 and 3.12 display the geometry of a patch antenna. Patch antennas
have a small bandwidth. Current and voltage are out of phase in the patch. The
voltage is at a minimum at the beginning of the patch and at a maximum at
the end of the patch. The fringing of the fields at the edge of the patch leads
to emission. The electric field and current both add up in phase at the edge.
However, the current is negated by an equal yet opposite current induced in the
ground plane. Thus the radiation emitted by a patch antenna is due solely to the
voltage. Dielectrics with low r values cause the fringes to become more bowed,
leading to better radiation.
Figure 3.12: Side view of a patch antenna. (Credit: www.antenna-theory.com)
3.3.2 Implementation in CST
Patch antennas were implemented in CST Microwave Studio.
Figure 3.13: Patch antenna in CST. The patch is of length λ. The red area of
the patch is the feed where the antenna is excited. In reality a feedline/coaxial
cable would be connected at this point.
As can be seen in Figure 3.13, the patch and ground plane (coloured yellow)
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were constructed using primitives in CST. Copper was chosen to be the mate-
rial for both components. The substrate (coloured blue) was set to be vacuum.
Ground plane and substrate thickness was 1 cm while patch thickness was 0.5 cm.
The red component represents a port, which is where the patch will be excited.
3.3.3 Verification of Centre Frequency Equation
As an exercise to judge the correct implementation of the patch antenna, the
length of the patch was varied in an attempt to verify that a patch length half
the centre wavelength did indeed give the highest directivity.
Three cases were tested, where the size of the patch was varied to be equal to
2λ, λ and λ/2. The farfield patterns for each case were obtained, and these plots
describe the directivity of the beam produced by each design at 100 GHz. The
results can be seen in Figures 3.14, 3.15 and 3.16:
Figure 3.14: Polar plot of the beam from the 2λ patch.
Figure 3.15: Polar plot of the beam from the λ patch.
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Figure 3.16: Polar plot of the beam from the λ/2 patch.
As can be seen above, the directivity is largest when the patch size is λ/2,
though technically it is largest when slightly less than λ/2 due to fringe electric
fields making the patch seem longer in length. The beams are reasonably col-
limated for this planar antenna. This simple patch was meant to form part of
larger piece of work on antennae but focus soon shifted towards telescope and
receiver analysis.
3.4 Ray Matrix Analysis
Ray matrix analysis (also known as ABCD matrix analysis) is a quick and con-
venient method for rapidly prototyping and testing an optical system. The use
of this method in quasioptics arises from its use in geometric optics. By ex-
panding ray matrix analysis to include diffraction, Gaussian beam expansion can
be modelled in a paraxial optical system. These two quantities can be updated
via application of a linear function on the initial beam parameters. From Gold-
smith (1998), the position is defined as r and the slope as r′. Then, the linear
relationship between input and output beam parameters can be written as:
rout = A.rin +B.r′in (3.2)
r′out = C.rin +D.r′in (3.3)
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The effect of a system element on ray position and slope can be expressed in
matrix form: rout
r′out
 =
A B
C D
 .
rin
r′in
 (3.4)
A representative matrix, known as the ray transfer matrix, incorporating all el-
ements of an optical system can be constructed via multiplication of successive
element matrices. Some standard forms of element matrices will be shown in the
next section. Radius of curvature is given by R = r/r′ in Goldsmith (1998), so
Equations 3.2 and 3.3 can be combined to give:
Rout =
A . Rin +B
C . Rin +D
(3.5)
The ABCD law follows on from this extension of geometrical optics. The four
parameters A, B, C and D operate here on the complex beam radius of curvature:
qout =
A . qin +B
C . qin +D
(3.6)
As mentioned briefly before, the optical system is treated as a paraxial system.
The convention is that beams are propagated through the system from left to
right, though the systems are reciprocal in nature. Matrix multiplication is or-
dered backwards, i.e. the last element in the propagation chain is the first in the
multiplication chain. The ray transfer matrix is then formed, and can transform
the initial beam parameter qin to form qout. From qout, radius of curvature R and
beam radius ω can be retrieved via:
ω =
[
λ
piIm(−1/q)
]0.5
(3.7)
R =
[
Re
(
1
q
)]−1
(3.8)
where Re stands for the real part of q and Im for the complex part of q.
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3.4.1 Element Matrices
The simplest form of element matrix is the one that represents propagation over
a distance L. The refractive index of the medium must be uniform along the
propagation distance. The ray transfer matrix is given by:
Mdist =
1 L
0 1
 (3.9)
A curved interface (radius of curvature R) between two mediums, one of refractive
index n1 and the other n2, has the following ray transfer matrix:
Minterface =
 1 0n2 − n1
n2R
n1
n2
 (3.10)
A thin lens of focal length f has the following ray transfer matrix. Note that, in
a paraxial system, a mirror is also approximated by a thin lens:
Mthin lens =
 1 0− 1
f
1
 (3.11)
Finally, a thick lens constructed from two curved surfaces R1 and R2, possessing
a thickness d of material with refractive index n2 surrounded by a material of
refractive index n1 has a ray transfer matrix given by:
Mthick lens =

1 + (n2 − n1)d
n2R1
n1d
n2
−1
f
− (n2 − n1)
2d
n1n2R1R2
1 + (n1 − n2)d
n2R2
 (3.12)
There are many more possible element matrices than these few listed here. Those
that are listed here are relevant to the optical systems reported in this thesis.
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3.4.2 Example: Verifying LLAMA Beam Parameters
Ray matrix analysis was used in the early stages of verifying the LLAMA receiver.
Before optical modelling of the receiver was started (see Chapter 5), ray matrix
analysis was used to confirm the expected beam waists that should be found at the
band cartridge with an input beam of the appropriate size. Using the propagation
distances and focal lengths supplied in the LLAMA First Light Memo (by Kooi
(2016)), a ray transfer matrix was constructed that could then be used to verify
the frequency independent nature of the receiver using ABCD matrices. The
necessary parameters are laid out below in Table 3.1:
LLAMA Parameters
z1 (mm) 1829.0
z2 (mm) 3129.5
z3 (mm) 1300.0
M3 Focal Length (mm) 1564.75
M4 Focal Length (mm) 1564.75
Table 3.1: LLAMA receiver parameters.
Please note that the correct z3 distance should be 1300.5 mm. The distance of
1300 mm arose from technical drawings from Vertex. The tolerances of the design
have yet to determined. It is reasonable that, given the miscellaneous optical and
mechanical uncertainties, the difference will not substantially affect the receiver.
As a result, the original model using z3 = 1300 mm was kept in use.
The chain of propagation for this receiver can be broken down into five parts:
The beam is propagated a distance z1 from the Cassegrain focus to the first
mirror M3. There is a radius of curvature change at M3. The beam is then
propagated a distance z2 to M4. There is a radius of curvature change due to
M4. Finally, the beam is propagated a distance z3 to the cryostat focus. This
chain can be represented as a paraxial system, as evidenced by Figure 3.17 taken
from the report by Kooi (2016):
82
Chapter 3: Analysis of Beams Ray Matrix Analysis
Figure 3.17: The LLAMA receiver described using a thin lens approximation.
Credit to Kooi (2016).
The ray transfer matrix can be constructed via:
M =
1 1300
0 1
 .
 1 0−1
1564.75 1
 .
1 3129.5
0 1
 .
 1 0−1
1564.75 1
 .
1 1829
0 1
 (3.13)
Multiplication takes places from right to left. The resultant ray transfer matrix
was calculated in Mathematica:
M =
 −1 0.5−1.0842× 10−19 −1
 (3.14)
The LLAMA receiver was to be tested at three different frequencies: 187 GHz,
243 GHz and 660 GHz. As propagation begins at a beam waist for all three
frequencies, the initial radius of curvature was∞ for all (i.e. planar). Given that
the receiver was a Gaussian beam telescope (GBT), the input waist (located at
the Cassegrain focus) should match the output waist (located at the focal plane)
for each frequency. Table 3.2 contains the values needed to begin analysis.
Initial Parameters
Frequency (GHz) ω0 input (mm) ω0 output (mm) R (mm)
187 9.60 9.60 ∞
243 7.39 7.39 ∞
660 2.72 2.72 ∞
Table 3.2: Initial parameters used in beam parameter construction.
Input beam parameters were constructed for each frequency using Equation
2.15. The ABCD values are taken from the ray transfer matrix (3.13) and utilised
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in the ABCD Law (Equation 3.6):
qout =
−1 . qin + 0.5
−1.0842× 10−19 . qin − 1 (3.15)
The radius of curvature and focal plane location beam waist can be extracted
from the output beam parameters using Equations 3.7 and 3.8. A comparison
of expected values and values returned from Mathematica are set out below in
Table 3.3:
Comparison Values
Frequency (GHz) ω0 expected (mm) ω0 out (mm) Rexpected (mm) Rout (mm)
187 9.60 9.60 ∞ -65141.60
243 7.39 7.39 ∞ -38521.90
660 2.72 2.72 ∞ -5229.89
Table 3.3: Comparison of reported values to ABCD matrix values.
The waist values match perfectly, showing that the design parameters that
would be used to construct the model were correct. The waist values would be
further verified using physical optics (see Chapter 5). The radius of curvature
values were not strictly infinite, but functionally are so large as to indicate that
a beam waist had been reached.
3.5 Gaussian Beam Calculations
3.5.1 Gaussian Fitting
Gaussian fitting refers to the process of fitting an equivalent Gaussian function
to a recorded output beam. This allows the critical parameters of that beam to
be retrieved from the output field and is key to analysing the beam profile and
optical quality after propagating through the optical system.
The process of fitting is straightforward in premise. A model of a Gaussian
beam must first be constructed. The model can vary in its complexity, depending
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on the user’s requirements. The basic form of Gaussian function required is:
f(x) = exp
[
− x
2
ω20x
]2
(3.16)
This form will fit to a one-dimensional Gaussian beam which is assumed to be at
a waist location and the phase radius of curvature is infinite. The beam intensity
can also be assessed rather than the phase and amplitude. Once away from a waist
position this expression is incomplete as the phase curvature of the beam, which
will begin to dominate the coupling, is not accounted for. The only retrievable
parameter will be the beam waist radius ω0x or beam radius ωx. The beam (waist)
radius will have consistent units with the cut or grid which recorded the beam.
Spherical cuts and grids can be fitted to with no extra adjustment as the cut
or grid is assumed to be a small region on the sky and therefore have negligible
curvature, much like the apparent flatness of the Earth’s surface. The model can
be expanded to easily incorporate spatial offset distance:
f(x) = exp
[
− (x− x0)
2
ω20x
]2
(3.17)
where x0 is the magnitude of the spatial offset, with the same units used by
the cut/grid. From this point the model can be expanded out to encompass
two-dimensions:
f(x, y) = exp
[
− (x− x0)
2
ω20x
+ (y − y0)
2
ω20y
]2
(3.18)
3.5.2 Example: Fitting to a Predefined Gaussian Function
Before any fitting algorithm can be used, it must first be tested. The code for
the fitting algorithm was written in Wolfram Mathematica and utilised the Non-
linearModelFit function. A model and a set of data must be provided to this
function. The model used was the same as is shown in Equation 3.17. The set
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of data was simulated to be one where critical beam parameters were known in
advance. This way, the fitting algorithm could be debugged until it returned the
correct results.
The simulated set of data was created by evaluating a standard form two-
dimensional Gaussian function. The function used was:
f(x, y) = exp
[
− (x− 0.2)
2
1.52 +
(y − 0.3)2
2.52
]2
(3.19)
The fitting code begins by normalising the data set to unity power. This data
set is then flattened to one dimension. A grid of points with the same sampling
as the data set must be created. This will represent the locations (in x and y)
throughout the grid which were sampled (∆x and ∆y). The two datasets are
then joined to produce an analysis set that has a size equal to the total number
of sampling points, and each element in the set contains a distance in x, in y and
a magnitude in z.
Once the analysis dataset has been produced, both it and the model function
are submitted as arguments to the Non-Linear Model Fit function. The function
will then compute the variable parameters of the model such that the analysis
dataset may be reproduced. The fitted values may be retrieved and plotted
alongside the analysis dataset for comparison. The fitted variable parameters
may be accessed through the “Parameter Table” option. The results for the
pre-generated Gaussian data set are given in Table 3.4:
Fitted Model Values (100 GHz)
Parameter Value
X Beam Waist (mm) 1.5
Y Beam Waist (mm) 2.5
X Offset (mm) 0.2
Y Offset (mm) 0.3
Table 3.4: Parameters returned from the fitting code for the predefined Gaussian
function.
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3.5.3 Example: Fitting to a GRASP Gaussian Beam
Correctly fitting to a predefined function is acceptable to test the functioning
of an algorithm. However, correctly fitting to actual, verifiable data from an
independent source would show that the algorithm is indeed working as intended.
Given that many of the fitted fields shown later in Chapter 6 had no other source
with which to verify beam waist radii or offset values, it was imperative that the
algorithm return fit values that matched those used in GRASP. To this end, a
test pattern was created in GRASP to test the fitting program.
The pattern was created using a near-field beam definition object in GRASP.
The beam waist was set to 10 mm and the frequency to 100 GHz. A planar
output grid was placed at the feed itself so as to obtain a direct reading at the
beam waist. The grid size was set to 100 mm by 100 mm. This is quite large
given the waist but having a sizeable flat portion in the dataset can help with the
stability of the fitting. The process of fitting happens exactly as described in the
previous section when using actual data. Table 3.5 contains the returned values:
Fitted Model Values (100 GHz)
Parameter Value
Expected Waist (mm) 10
X Beam Waist (mm) 10
Y Beam Waist (mm) 10
X Offset (mm) 0.0
Y Offset (mm) 0.0
Table 3.5: Parameters returned from the fitting code for the GRASP feed.
3.6 Useful Beam Parameters
3.6.1 Gaussicity
Gaussicity is a term used in beam coupling. It is defined by Johansson (1995)
as the maximum achievable power coupling of a recorded output field and a
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linearly polarised Gaussian beam. It is usually expressed as either a decimal or
a percentage in reference to the equivalent Gaussian beam. It can be calculated
using the normalised overlap integral of output field and the equivalent beam:
ηGaussicity =
∫ ∫
EGaussE
∗
outdxdy∫ ∫
EGaussE∗Gaussdxdy
∫ ∫
EoutE∗outdxdy
(3.20)
Perfect coupling between output field and equivalent beam is indicated by a
Gaussicity of 100%. The Gaussicity of a beam is a convenient way to express the
power being transferred through an optical system. A high Gaussicity indicates
that a telescope or receiver is doing a good job of redirecting and manipulating
beams of radiation. Meanwhile, a low Gaussicity indicates optical aberration or
that power has leaked from the co-polar beam component or has been rotated
to an angle that does not suit the detector polarisation, resulting in increased
cross-polar levels.
3.6.2 Ellipticity
Ellipticity (also known as flattening or oblateness) is a term used to describe the
deviation away from a standard circle. It has a simple definition, seen below:
e = 1− b
a
(3.21)
where a and b are the major and minor axis length of an ellipsoid. It is not
to be confused with eccentricity, given that they are each the inverse of the
other. A perfect circle will have an ellipticity e = 0. This quantity is useful
in the analysis of Gaussian beams. The shape of a beam will be affected by
optical elements in a receiver as it propagates through those elements, potentially
becoming heavily distorted in the process. Ellipticity therefore serves as a measure
of beam symmetry. It is a practical way to establish the quality of a beam
produced by an optical system, given that it has an inherent comparative aspect
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that the simple quotation of beam radii lacks. If a stated goal of a telescope is to
produce well collimated beams of radiation suitable for further analysis (as is the
case with CORE and LLAMA), then ellipticity is a useful standard measurement
to gauge this. An ellipticity of less than 5% (i.e not greater than 0.05) is usually
an acceptable limit for CMB calibration.
3.7 Optimisation of ALMA Receiver
This section will discuss the optimisations carried out the ALMA Band 9 receiver.
This would build on the design laid out by Whale (2010) and compare figures
against those recorded in Candotti (2007). A Gaussian beam telescope is an
optical set-up designed to be wavelength-independent. This makes it a useful tool
in broadband instruments, as optimum coupling is achieved over a bandwidth.
3.7.1 Construction in GRASP
Figure 3.18: ALMA Band 9 receiver modelled in GRASP. The associated optical
elements have been labelled. Detector horn is located at the input Gaussian
location
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Before any optimisations could be performed, the design first had to be imple-
mented in GRASP. The telescope consisted of two elliptical mirrors focussing light
onto a subreflector some distance away after coming to a focus at the Cassegrain
focal plane. A Mathematica file was written to calculate the parameters of both
mirrors, named “M4” and “M3”. The resulting GRASP model can be seen in
Figure 3.18 while the parameters are recorded in Table 3.6:
Mirror Parameters
Mirror M4 M3
Semi-Major Axis (mm) 51.2262 101.727
Semi-Minor Axis (mm) 45.7407 80.8404
Interfocal Distance (mm) 46.1261 123.501
Focal Length (mm) 24.8618 39.4093
Radius of Curvature (mm) 40.8427 64.2425
Eccentricity 0.4502 0.6070
Conic Constant -0.2027 -0.3685
Table 3.6: M3 and M4 parameter data used to construct the mirrors in GRASP.
A plane detection grid was placed 150 mm away from M3 (see Figure 3.18).
The grid size was 20 mm in x by 20 mm in y. The field at this position was
simulated and the data passed to Mathematica for analysis via Gaussian fitting
at 661 GHz. The results are shown in Figures 3.19, 3.20 and Table 3.7:
Figure 3.19: Co-Polar beam component at 661 GHz.
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Figure 3.20: Cross-Polar beam component at 661 GHz.
Gaussian Beam Parameters
Property Value
X Offset (mm) 0.0017
Y Offset (mm) 0.054
Z Offset (mm) -1.078
X tilt(◦) 0
Y tilt (◦) 0.05
ω0x (mm) 2.715
ω0y (mm) 2.715
Gaussicity (%) 99.9201
Ellipticity 0.0007
Table 3.7: Gaussian fitting data.
Note that the Z Offset is in relation to the beam waist location. These results
are in agreement with those set out in the original design from Whale (2010).
Five optimised systems were created using a combination of the above operands
in Zemax OpticStudio. The main goal of every optimisation was the constraint of
the output beam waist radius to 2.72 mm. The variable parameters for each op-
timisation were the distances between the mirrors, the receiver aperture and the
cryostat window (Figure 2.16 shows these parameters with a “V” beside them).
Each optimisation was saved as its own Zemax project file. The list below dis-
cusses the operands used for each optimisation.
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• Opt1: POPD was used to constrain ω0x after M3 to 2.72 mm
• Opt2: POPD was used to constrain ω0x and ω0y after M3 to 2.72 mm
• Opt3: GBPW, GBPP were used to constrain ω0x after M3 to 2.72 mm and
location to 150 mm after M3
• Opt4: GBSW, GBSP were used to constrain ω0x after M3 to 2.72 mm and
location to 150 mm after M3
• Opt5: OPDX, the default optimisation carried out by manipulating optical
path length difference for different incoming rays
The mirror surfaces were now ready to be transferred back into GRASP where
physical optics analysis could be performed on each optimised system. However,
only Opt1, Opt2 and Opt5 were transferred. The other optimisations had either
distorted the mirrors too severely or had altered the system layout too greatly
to be considered further. Opt1 was an optimisation carried out with the goal
of constraining the beam waist at the output grid in the x-dimension only to
the expected value of 2.72 mm. Opt2 was intended to constrain both x and y
beam waists to 2.72 mm. Opt5 is the default OpticStudio optimisation based on
manipulation of optical path length difference for different offset rays.
3.7.2 Analysis using GRASP
The optimised surfaces were reintroduced into GRASP via a tabulated surface.
OpticStudio provides surface sag tables (i.e. z as a function of x and y) for each
surface in the Lens Data Editor. These tables can be used to transfer mirror
surfaces to GRASP with little reformatting of files or CAD meshes required.
Physical optics analysis was performed on each optimised system for compari-
son with the unoptimised system. The mirrors were introduced into the existing
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ALMA Band 9 model. The parameters of the model could be adjusted to recreate
the all the changes that OpticStudio had made to individual optimised systems.
The same planar detection grid was used for the optimised systems as had been
used for the unoptimised system. The grid size was 20 mm in x by 20 mm in
y. The analysis frequency was again 661 GHz. The same source was used with
no changes. The results of this were analysed using Gaussian beam fitting in
Mathematica. The results can be seen in Table 3.8:
Gaussian Beam Parameters
Optimisation Gaussicity (%) ω0x (mm) ω0y (mm) Ellipticity
Unopt 99.92 2.715 2.715 0.0007
Opt1 99.93 2.73 2.73 0.0001
Opt2 99.88 3.19 3.26 0.023
Opt5 99.96 2.21 2.21 0.001
Table 3.8: Gaussian fitting data for the three optimisations. The unoptimised
system is included for comparison.
The co-polar and cross-polar contour plots for the three optimisations are pre-
sented in Figures 3.21 - 3.26:
Figure 3.21: Co-Polar Beam Component from the first optimisation at 661 GHz.
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Figure 3.22: Cross-Polar Beam Component from the first optimisation at 661
GHz.
Figure 3.23: Co-Polar Beam Component from the second optimisation at 661
GHz.
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Figure 3.24: Cross-Polar Beam Component from the second optimisation at 661
GHz.
Figure 3.25: Co-Polar Beam Component from the seventh optimisation at 661
GHz.
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Figure 3.26: Cross-Polar Beam Component from the seventh optimisation at 661
GHz.
Looking at the three chosen optimisations, it is clear that Opt1 and Opt5 have
been the most effective. Opt2 has diverged from its goal quite significantly. Opt1
constrained ω0x and not ω0y, while Opt2 tried to constrain both. The optimiser
may have had difficulty in constraining the beam waist size in two dimensions and
may have stopped prematurely. Changing the weighting may have helped by giv-
ing the optimiser a clearly favoured parameter. The simplest explanation for the
discrepancy is simply a misunderstanding on the author’s part. Looking to Opt5,
the default optimisation has improved Gaussicity over the unoptimised receiver.
The beam waist values have been reduced substantially, which is understandable
given that the optimisation was not constraining waist size. Opt1 has increased
the beam waist sizes to slightly larger than the size specified. The Gaussicity has
increased by a modest 0.01%, while the beam ellipticity has decreased by 0.0006.
Opt1 can therefore be considered a success, having somewhat achieved the speci-
fied goal while reducing aberration and beam distortion in the process. The other
two optimisations are infeasible with the existing ALMA Band 9 receiver design.
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This work in understanding the optimisation routines in OpticStudio has shown
that they could be used as an optimising tool for quasioptical receivers. The
ALMA Band 9 receiver has already been designed to operate well at the design
frequency band, and so had limited scope for further optimisation.
3.8 Conclusions
Results from a series of measurements using new waveguide probes were featured.
The probes have been designed to produce more beams than the standard waveg-
uide probes in use in the Department. The measurements taken did not include
old probes, however, as the goal of the measurements were to characterise the
new probes, ensuring their performance matched simulations (see Figures 3.5 and
3.6). In essence, by matching their expected performance they would outclass the
standard waveguide probes. As stated previously, the rectangular probes reach a
convergent S11 parameter faster than the circular probes, but the circular probes
exhibit a more consistent S12 parameter with both increasing distance between
heads and increasing frequency.
A simple verification of the centre frequency equation for patch antenna was
shown. Three patch lengths were implemented and tested. Looking to Figures
3.14, 3.15 and 3.16 it can be seen that the patch length that produced both the
highest main lobe power of 12.5 dBi and the lowest sidelobe level of -27.7 dB was
the patch length of λ/2. In addition, the angular beam width is narrower than
for the other two lengths, being 58.8◦ as opposed to 62.2◦ and 61.1◦ for λ and 2λ
respectively.
The beam parameters of the LLAMA receiver were verified using ABCD matrix
analysis. This was the first step in the LLAMA analysis and is simply a recreation
of values provided to the Department. The values used in constructing the ray
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transfer matrix (Equation 3.13) were taken from the LLAMA memo by Kooi
(2016). For the three frequencies (187, 243 and 660 GHz) the beam waist radii
at the output plane generated by the ray matrices matched those supplied in the
memo. For a beam waist, the radius of curvature of a beam should be ∞. The
values presented in Table 3.3 are not ∞, but in practical terms they are so large
as to be functionally ∞.
Two examples of Gaussian beam fitting were provided in this chapter. In the
first case, a Gaussian function dataset was generated using Equation 3.19. The
fitted values are shown in Table 3.4. In this simple case the fitted values match
those in Equation 3.19, demonstrating that the algorithm is capable of correctly
fitting a Gaussian to a predefined data set generated by Mathematica. In the
second case, Gaussian fitting was performed on a dataset generated by GRASP.
Table 3.5 contains the values returned by the fit as well as the original beam
waist radius of the feed used in GRASP. Again, the waist radius values in x and
y match the waist radius of the feed and the beam is not offset in either x or y.
Five optimisations were presented in this chapter. Of those, three were selected
for implementation in GRASP. Opt3 and Opt4 were discounted due to the fact
that the beam waist radii did not match the specified values as well as the fact
that the model of the receiver had diverged too much from the original in both
cases. For each optimised system, the changes made to the lens data editor by
the optimiser were carried over to the GRASP model for testing with physical
optics. Table 3.8 displays the results of fitting performed on the beams from the
three modified receivers. Looking to Opt1, the Gaussicity is higher by 0.01% and
the output beam waists in x and y are 2.73 mm instead of the desired 2.72 mm.
The ellipticity has dropped by 0.0006, indicating that the beam has become more
symmetrical. Opt2 was designed to constrain the beam waists in x and y to 2.72
mm but has failed, most likely due to a conflict that the author was unaware
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of. Opt5 was designed to test the standard OpticStudio optimisation. This
optimisation achieved a higher Gaussicity than all other optimisations. However,
the beam waists have diverged from the desired 2.72 mm and the ellipticity is
higher than the unoptimised design. This is not surprising given that constraining
beam waists was not a part of this optimisation.
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Meshing
4.1 Introduction
The goal of this chapter is to describe the process whereby mirror surfaces in a
CAD format were transferred into the program GRASP for physical optics anal-
ysis in a way that ensures complete fidelity of the surface and rim definition.
With numerous schemes to define 3D solid objects, it is important to conserve
information when exchanging objects between different software packages. This
specific process is known as meshing, where the density of points that represent
the surface profile are defined within a formatted framework. This can vary be-
tween packages. My thanks to Mr. Donnacha Gayer, a PhD student here in the
Department of Experimental Physics, who first introduced me to this method. A
mesh is a representation of a surface obtained by fitting points to that surface
and then recreating the surface using discrete points on the surface. Meshing was
an essential part of the analysis procedures presented in this thesis. The various
analysis packages available for use (GRASP, OpticStudio, CST etc.) all define
mirror surfaces in different, proprietary ways. There is no straightforward method
of transferring an optical system in OpticStudio to GRASP. Meshes of CAD mod-
els, however, allow the constituent parts of that optical system to be defined using
points fitted across the surface and grouped into triangular/quadrilateral areas
(though only triangular meshes were used). With CAD meshes as the intermedi-
ary, the options for analysis one has available broaden. This chapter will begin by
explaining meshing definitions, specifically for the CAD program FreeCAD which
was used to create meshes. Both CORE and LLAMA system definitions involved
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meshing to greater or lesser extents and will be used as examples to demonstrate
the utility of these meshes in exporting mirror profiles.
A comparison of the different meshing options is presented. As meshes were
used to import mirror surfaces into GRASP, it is important to quantify the effect
that each mesh type and density will have on beams propagated through those
mirrors and compare them to a standard GRASP single-surface reflector defini-
tion. The question may be asked at this point: “Why not always make the finest,
most dense meshes possible?” In programs such as GRASP, computation times
can be quite long especially for large reflectors. This point also holds for reflectors
that are meshed finely. Currents must be worked out for each mesh segment; the
more of these there are, the longer and more demanding the computation time.
4.2 FreeCAD and Meshing
Figure 4.1: The start page presented upon opening FreeCAD. The “start” selec-
tion at the top is used to select workbenches.
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FreeCAD is an open source CAD program available to download for free (www.
freecadweb.org). It handles 3D modelling akin to other CAD programs. It is
supported by online documentation and active forums. FreeCAD can operate
in different modes, known as workbenches. Only the mesh workbench will be
discussed here as it is relevant to surface definition.
Subsequent to launching FreeCAD, the user will be presented with the screen
shown in Figure 4.1. Note the drop-down menu currently displaying “Start”.
This menu allows the user to navigate between the different workbenches. The
meshing workbench is named “Mesh Design”. Upon choosing this option the user
can create, import and export meshes. Meshing requires a pre-existing object to
be loaded into FreeCAD. This can be executed simply by opening a CAD file
with FreeCAD. In addition to Binary STL, STEP, IGES and many more formats
can be opened by FreeCAD. Figure 4.2 shows the Offset Gregorian design of
CORE after being imported into FreeCAD. The design was given in a STEP file
produced by CODE V. This mirror system required meshes of its mirror to be
read into GRASP.
Figure 4.2: CORE Offset Gregorian mirrors and focal plane in FreeCAD. Note
the workbench has been changed to “Mesh Design”.
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Once an object has been loaded into FreeCAD, a mesh of that object can now
be created. Three types of mesh are available to the user: Standard, Mefisto and
Netgen. Each type fits and joins points in different ways.
Standard meshes use combinations of polygons to represent a surface. The
only parameter the user can change is “Surface Deviation”. This parameter sets
the maximum allowable deviation between surface point and fitted mesh point.
The smaller the value of the parameter, the finer the mesh becomes. The typical
values range from 0.1 mm to 0.001 µm at the lower limit. However, this type
suffers from a difficulty in meshing plane surfaces, preferring curved elements.
An example of this mesh is shown in Figure 4.3.
Figure 4.3: Standard mesh type applied to an object. Credit: http://open-shelf.
appspot.com/FreeCAD/en-US/15.html
Mefisto meshing involves fitting triangles of equal area to an object. The name
is drawn from the algorithm which performs the meshing, which is not unique
to FreeCAD. Again, the user has only one parameter to set: “Maximum Edge
Length”. This parameter sets the upper limit on the maximum edge length of
the equilateral triangular areas. Typical values range from 500 mm to 0.1 mm
at the lower limit. The smaller this value, the smaller the triangles will be and
hence, the finer the meshes will be. This mesh type is able to create meshes of
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complex shapes and is useful should regular meshing be required. An example of
this mesh is shown in Figure 4.4.
Figure 4.4: Mefisto mesh type applied to an object. Credit: http://open-shelf.
appspot.com/FreeCAD/en-US/15.html
Finally Netgen meshing is a popular mesh type (again named after its algo-
rithm) which knits together points on a surface into irregular triangles. The
advantage of this over the Mefisto method is that the mesh can become denser
around edges, which is crucial in dealing with mirrors in physical optics calcula-
tions. Diffraction at the rim of a mirror can have a significant effect on the results
of PO calculations and beam profile. The user has more options when creating
these meshes than the previous two: “Mesh size grading” controls the fineness
of the meshes that will be produced (Typical values: 0.3 - 0.1), “Element per
edge” sets the number of points that will be created along object edges (Typical
values: 1 - 10) and “Elements per curvature radius” does an equivalent operation
for curved elements (Typical values: 2 - 10). Finally, the user can choose whether
the mesh will be optimised, whether second order elements of the surface will
be meshed and whether the mesh will be arranged like a hexahedron. Netgen
meshes were used heavily to transfer mirror surfaces between analysis programs.
An example of this mesh is shown in Figure 4.5.
104
Chapter 4: Meshing Creating Meshes using CAD Files
Figure 4.5: Netgen mesh type applied to an object. Credit: http://open-shelf.
appspot.com/FreeCAD/en-US/15.html
4.3 Creating Meshes using CAD Files
Once the model of an optical system is loaded into FreeCAD, meshes of the
mirrors and associated objects can be created via the “Meshing Workbench”.
The subreflector was the first mirror to be meshed in the CORE Offset Gregorian
system. With the object selected, the “Create mesh from shape...” interaction
becomes available on the “Meshes” workbench.
Figure 4.6: The mesh creation window for Netgen meshes. Note the preset fine-
ness selector, which alters the parameters of the beneath it.
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Figure 4.6 shows the window that will appear. Netgen meshes are the default
type of mesh proffered to the user and were chosen to mesh all the mirrors. Figure
4.6 also displays the mesh creation options (mentioned previously for Netgen
meshes) that the user can tweak to produce their desired mesh. The mesh fineness
contains presets that range from “Very Coarse” to “Very Fine”. These presets
change the values of “Mesh size grading”, “Element per edge” and “Elements
per curvature radius”. Additionally the options “Optimize Surface” and “Second
order elements” can be checked increase the fidelity of the mesh at the cost of
increased creation time and file size (1 KB to 46 KB for CORE ’s primary mirror,
as high as 58 MB for baffling components in the three mirror design). Once the
options have been set satisfactorily, clicking the “OK” button at the top of the
window will create the mesh.
Figure 4.7: CORE Gregorian mirrors and focal plane in FreeCAD. A mesh has
been placed over the secondary mirror.
Figure 4.7 shows the newly created mesh was overlaid on the subreflector.
The mesh itself will be added to the navigation window on the left. The above
process was repeated for the primary mirror and focal plane representation.
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While the subreflector was represented by a single CAD object, the primary
mirror and focal plane were represented by two and three part objects respectively
(The joins can be seen in Figure 4.7). This was present in the CAD file from the
outset and therefore outside of the author’s control. Given this fact, no one
mesh can be created to represent the two surfaces. Therefore it was necessary to
join the meshes of each object to create a single mesh that suitably represented
each object. This option is available in the Mesh workbench. The meshes to
be joined are first selected. Then one can simply join them by clicking “Merge”
from the “Meshes” drop-down menu. The new merged mesh contains all faces of
the previous objects (including inner-facing ones), which differentiates this simple
method from Boolean Unions where inner faces will be removed.
Figure 4.8: The three meshes representing each optical component.
There were then three meshes of the Offset Gregorian system: one for the
primary reflector, one for the subreflector and one for the focal plane. They can
be seen in Figure 4.8.
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The final step of mesh creation was to export the three meshes from FreeCAD.
A mesh can be exported by selecting it and choosing the “Export Mesh” option
from the “Meshes” menu. The user will be prompted to choose a location to
save the exported mesh as well as the file format. There is a wide range of
formats from STL files, Nastran Bulk Data Files and FreeCAD’s Python module
definition files. The file format chosen was “Python module def” (.py) as this
format was easy to reformat as needed and groups constituent points for each
triangular mesh section together, which allows the mesh structure to be retained
easily while reformatting. They can also be opened by nearly any editor, unlike
many CAD-specific formats.
4.4 Formatting Mesh Data with Notepad++
GRASP has very strict criteria for importing a surface correctly. The surface in
question must be laid out in a specific format which TICRA calls a “.sfc” file:
Figure 4.9: The format of a .sfc file including ASCII control characters.
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Figure 4.9 shows the format of a .sfc file taken from an exported GRASP mir-
ror surface. The file format itself, while requiring strict formatting, is versatile
and can be used for different surface definitions that are all single surfaces. For
a standard surface object (above), each line contains a Cartesian xyz point that
makes up the mirror surface (including defined areas that have not been encap-
sulated by a rim). The points must be ordered regularly for the file to be read
in properly. For an irregular surface each line will still contain a Cartesian xyz
point, but these do not need to be ordered; instead they will be grouped into
three points and formed into a triangular surface section.
To reformat the python files to be readable to GRASP it was necessary to
manually reformat the mesh files. Notepad++ was used for this but any text
editor which has a find and replace function and regular expression capability
would work just as well.
The Python data file format of a mesh is shown in Figure 4.10:
Figure 4.10: Mesh data file before reformatting. Each line represents three ver-
tices that make up a triangular face.
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The steps taken to reformat the data file are as follows:
• Open Find and Replace using keyboard shortcut CTRL + H.
• Set search mode to “Extended”
• Find “],” and replace with “\r\n”.
• There should now be three numbers on each line separated by a comma,
with every fourth line blank.
• Switch search mode to “Regular expression”
• Find “∧\(s*)” and replace with “”
• The blank lines should disappear
• Set search mode back to “Extended”
• Find “[” and replace with “”
• Find “]” and replace with “”
• All of the square brackets will now have been removed
• Find “,” and replace with “, \t”
• N.B. A space must be included between “,” and “\t”
• There should now be three columns of numbers with no commas present in
the third column
• Replace line 1 with a header for the file
• Enter the number of rows containing numbers into line 2
• Line 3 should be the start of the data
• Save the file as a .sfc file
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Figure 4.11 shows the data file after reformatting had taken place.
Figure 4.11: Mesh data file after reformatting. Each line now represents a vertex
point location.
4.5 Importing Mirror Surfaces into GRASP
This section will explain how the mirrors were imported into GRASP. The refor-
matted meshes were imported using an “Irregular xy-Grid, Triangulation” surface.
This can be found under the Geometrical Objects/Tabulated Surfaces menu.
Figure 4.12: The triangulation surface Object Editor.
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The object editor for triangulation surfaces can be seen in Figure 4.12. The
file path to the .sfc file was entered into the “file name” field. The “xy unit” and
“z unit” fields were also changed to millimetres for all three surfaces. The other
parameters can be set in the menu or read in automatically from the supplied .sfc
file.
The mirrors could then be implemented like any other in GRASP. Three reflec-
tor objects were used: one for the primary mirror, one for the secondary mirror
and one for the focal plane. Rims for the mirrors in this case were elliptical rims,
which require a radius in x and y. The half-axis values for the three objects were
found by analysing the original parts in FreeCAD. There is also a decentre value
needed, which can be thought of as a translation from the reference coordinate
system of the mirror to the centre of the mirror. All three objects share the global
coordinate system as their base coordinate system. Hence, by setting this as the
reference coordinate system for each, the mirrors will retain their positions and
orientations relative to each other. This is an important factor to consider when
importing mirrors into GRASP. The final design can be seen in Figure 4.13 below:
Figure 4.13: The CORE Offset Gregorian design in GRASP.
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4.6 Comparison of Mesh Types
A comparison of different mesh densities will be presented for the LLAMA re-
ceiver. LLAMA has the advantage over CORE in that standard GRASP mirror
definitions existed for its mirrors (M3 and M4); CORE only had meshed versions
of its mirrors. This would allow a direct comparison between meshed surfaces
and standard, mathematically defined conics. Three densities of mesh were used;
their associated values are displayed below in Tables 4.1 and 4.2:
M3 Mesh Values
Mesh Type Faces Edges Vertices
Custom Density 1344 2070 727
Very Fine Density 520 810 291
Fine Density 176 282 107
Table 4.1: Face, edge and vertex values for the three mesh densities used for M3.
M4 Mesh Values
Mesh Type Faces Edges Vertices
Custom Density 1312 2022 711
Very Fine Density 520 810 291
Fine Density 176 282 107
Table 4.2: Face, edge and vertex values for the three mesh densities used for M4.
Note that custom mesh density refers to a mesh that was made to be as dense,
point-wise, as FreeCAD allowed. The LLAMA Band 9 frequency (660 GHz) was
chosen for this comparison due to its lengthier computation times (a result of the
higher frequency). This was done to limit any inherent variability in computation
time. The results for each different surface type are shown in Table 4.3:
Variable Surface PO Results (Band 9)
Surface Type Co-Polar Power (dB) Cross-Polar Power (dB) Calc. Time (s)
Conic Mirror Surface -22.69 -49.53 3.36
Standard Surface -22.69 -49.56 7.36
Custom Mesh -22.69 -49.57 15.88
Very Fine Mesh -22.69 -49.57 10.5
Fine Mesh -22.69 -49.57 16.4
Table 4.3: Results of Band 9 calculations for varying surface types.
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Plots were constructed on the above data to more easily discerner the difference
between the five surface types used. They can be seen in Figures 4.14 - 4.16:
Figure 4.14: Co-Polar power per surface type.
Figure 4.15: Cross-Polar power per surface type.
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Figure 4.16: Time taken for computation per surface type.
4.6.1 Conclusions
Looking at the data presented, there seems to be little variation with surface
used. The conic mirror surfaces were chosen as the control. Both they and the
standard mirror surfaces set the bar for co-polar and cross-polar power levels and
computation time. The meshed surfaces vary in their computation times but are
longer for the initial two surface types. The time difference between these surface
types may be down to the generation of PO evaluation points, but timing will
be discussed in a moment. More concretely we have the co-polar and cross-polar
power levels. Co-Polar power levels are identical across the board, which is un-
surprising. GRASP smooths the surface before calculations commence. However,
the cross-polar power levels exhibit minor differences across the surface types.
The levels reduced down to a minimum when the two GRASP-defined surfaces
were used and also the custom, high point density mesh. Unlike measurements of
time, these power level measurements are reproducible. Therefore, common sense
115
Chapter 4: Meshing Comparison of Mesh Types
holds out and the most representative mesh matches its progenitors the closest.
Now, the timing will be discussed. The time taken to complete a PO calculation
is complex and therefore is rarely reproducible. When performing convergence
tests to PO points on a surface and subsequently calculating induced currents,
GRASP will always follow the same pattern for a certain reflector. However,
the speed at which this can be done is dependent on the machine GRASP is
running on. Better processors and memory will allow the calculations to proceed
much faster. Mundane factors like running another intensive program alongside
GRASP can dramatically affect runtimes as well. This is all obvious to the
computer-literate. Therefore, the only reasonable conclusion to draw from the
timing results is that meshes seem to take longer to run. This makes sense given
the difference in how GRASP must prepare meshed surfaces when compared to
its own conic based ones.
The best mesh density for optimal accuracy without excessive over-sampling
is a difficult matter to determine. There is a method in GRASP to control
the minimum distance between mesh points in the xy-plane, with those points
closer than this distance being removed. By default, this distance is set to zero.
Also, GRASP will fit a polynomial to a meshed surface in order to smooth it.
As a result, one could justify using less dense meshes. However, finding out
the lower limit on mesh density is complex. First, the number of points fitted
by a meshing algorithm will vary by surface. Figure 4.15 demonstrates that
the highest density mesh matches the GRASP surfaces perfectly in terms of co-
polar and cross-polar power, while the less dense meshes start to diverge (if only
very slightly). Considering that high mesh density can be seen to translate to
more accurate surfaces (despite the previously mentioned systems to bolster lower
density meshed surfaces) and that the lower density limit will vary by surface,
the author recommends using the highest density meshes where possible as a
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precaution while recognising that the polynomial fit feature of GRASP makes
less dense meshes far more viable.
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LLAMA Optical Analysis
5.1 Background
The purpose of this section is to deliver preliminary results from PO analysis of
the proposed unfolded configuration of the receiver for the Large Latin American
Millimetre Array (LLAMA) Bands 5, 6 and 9 (which is based on an ALMA
receiver design). The two mirrors (which will be known as M3 and M4) were
defined using alternate surface definitions in order to allow the mirrors themselves
to be exported in a CAD format to facilitate CNC manufacturing and to verify
that different mirror definitions give equivalent performance.
Figure 5.1: LLAMA elements showing telescope and Nasmyth cabins.
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LLAMA is a 12 m telescope under construction in the Puna region of the Ata-
cama desert in Argentina using similar configurations as ALMA. It is a Cassegrain
design telescope with ALMA-equivalent front-end optics (12 m telescope built
by Vertex AntennenTechnik GmbH as reported by LLAMA (2016)) but with
Nasymth receiver architecture. Figure 5.1 is a figure taken from the LLAMA
“First Light Unfolded Optics” report Kooi (2016). It shows the telescope with
two Nasmyth focus cabins, designated Cabin A and Cabin B. Cabin A contains
an optical encoder which converts the received signal to light pulses. Cabin B
houses a non-optical encoder. LLAMA (2016) claims that LLAMA will observe
from 35 GHz up to 1 THz. According to Kooi (2016) it is desirable to have simul-
taneous observations between both receivers. Cabin A has a narrower entrance
aperture than B, which means that it can only accommodate the higher frequen-
cies (> 220 GHz). In order for Cabin B to cover this wide range of frequencies,
the entrance aperture must be frequency-independent. Frequency-independence
here means that beams of different frequencies (which ordinarily have different
beam sizes) must be made to have a fixed beam size in order to fit through the
window to the cryostat unit housing the detectors with high optical throughput
and low truncation levels at the aperture edges where the aperture dimension is
at least 4ωa in diameter (where ωa is the beam radius at the aperture).
LLAMA bands 5 (163 - 211 GHz), 6 (211 - 275 GHz) and 9 (602 - 720 GHz) were
chosen for the first light observations. As LLAMA is planned to work alongside
primarily ALMA in a VLBI configuration as well as a single reflector, the fre-
quency bands were matches for those used by ALMA. A frequency-independent
receiver design known as a Gaussian beam telescope was chosen, consisting of
an elliptical mirror M3 and a hyperboloidal mirror M4 (see Figure 5.4). The
point of contact for this work was Dr. Jacob Kooi, a receiver engineer at JPL
and technical advisor for the LLAMA optical interface, including the GBT un-
der investigation. The design of the GBT needed to be validated in GRASP for
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physical optics analysis and subsequently verify that the current design meets
LLAMA optical system requirements. Figure 5.2 shows the simplified LLAMA
optical train implemented in GRASP.
Figure 5.2: LLAMA simplified optical train for Nasmyth B receiver.
5.2 GRASP Implementation
Maynooth’s role in LLAMA was to verify the design of the receiver and also to
carry out detailed PO analysis to verify ultimate optical performance. A memo
by Kooi (2016) was sent to the department containing information on the receiver
including expected beam radii at optical surfaces, system geometry, mirror pa-
rameters and frequency bands to be tested. Verification of the design involved
confirming that the expected beam waists (acquired through ray matrix analysis)
from the memo matched those acquired from physical optics calculations. Once
verified, the mirrors would need to be exported from GRASP and sent to the
LLAMA technicians for manufacture.
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The system was first created in GRASP9. Simple Gaussian beams of the correct
dimension were used as sources given their good approximation to the intended
corrugated scalar horn antennae, which would be located inside the cryostat unit.
The effect of a GBT will be such that the input waist and output waist will be
identical and system is reciprocal, so choice of which focus to propagate from is
irrelevant. Following the propagation chain in the memo, the source was placed
at the Cassegrain focus of the main reflector dish and beams were propagated
towards a planar detection grid, placed at the cartridge focus, to record the
output beam profile. Regarding band cartridge layout, Kooi (2016) states that
LLAMA will not adopt ALMA’s radial cartridge layout as it does not make sense
given their Nasmyth configuration. See Figure 5.3 for a schematic layout of the
receiver and Figure 5.4 for the representative optical system in GRASP.
Figure 5.3: The fully unfolded LLAMA GBT from Kooi (2016).
Figures 5.3 and 5.4 show the two mirrors placed according to the layout in first
light report. The global x, y and z directions can be seen in the lower left corner
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of Figure 5.3. One focus of M3 was placed over the Cassegrain focus (where the
input analysis beam is located). M4 (at this stage an ellipsoidal mirror) was
placed a distance of 3129.50 mm from M3. The radius of M4 was 140.1 mm
and the radius of M3 was 197.5 mm. Finally, the output grid (whose coordinate
system can be seen in the bottom right of Figure 5.3) was placed 1300 mm away
from M4 at an angle of 90◦. Note that the output plane must be oriented 180◦
about the global y-axis in order to function properly.
5.3 GRASP Analysis
Figure 5.4: OpenGL plot of the folded LLAMA GBT in GRASP.
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The initial implementation of the mirrors in GRASP was done using Conic Mir-
ror Surfaces. A conic mirror surface in GRASP is a precursor class of surfaces
from which the others (Ellipsoidal, Hyperbolic, etc.) are derived. These surfaces
require two distances, r1 and r2, which are the distances from the surface of the
mirror to the two foci that defines the surface of the mirror. Two angles are
also required, θi and θn, which are half the bending angle of the mirror and the
direction of the surface normal measured from the positive x-axis.
As the Conic Mirror Surface (CMS) requires two foci, it can be used to recreate
both elliptical and hyperbolic mirrors. If either r1 or r2 are negative, then a
hyperbolic mirror will be created. If both are positive, then an elliptical mirror
will be created. If r1 or r2 have a value of infinity, then a parabolic mirror will
be created. Figures 5.5, 5.6 and 5.7 should help to illustrate this concept:
Figure 5.5: Elliptical mirror design using CMS.
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Figure 5.6: Hyperbolic mirror design using CMS.
Figure 5.7: Parabolic mirror design using CMS.
The parameters used to construct M3 and M4 are listed in Tables 5.1 and 5.2
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and are derived from the LLAMA optical design:
M3 CMS Parameters
r1 (mm) 1829.0
r2 (mm) 10830.38
θi (◦) -45.0
θn (◦) 135.0
Table 5.1: M3 parameters for implementation in GRASP.
M4 CMS Parameters
r1 (mm) 1300.0
r2 (mm) -7683.38
θi (◦) 135.0
θn (◦) -45.0
Table 5.2: M4 parameters for implementation in GRASP.
5.4 Results of the Physical Optics Analysis
The results of the GRASP analysis will be presented in this section. A Gaus-
sian beam was propagated from the feed placed at the Cassegrain focus to M3
(representing a beam from the 12 m LLAMA telescope), then to M4 and finally
to a planar output grid placed at the cartridge focus. The centre frequency of
each band (B5, B6 and B9) was used to carry out the analysis. Band 5 covers
frequencies 163 - 211 GHz with centre frequency 187 GHz. Band 6 covers 211 -
275 GHz with centre frequency 243 GHz. Finally, Band 9 covers 602 - 720 GHz
with 660 GHz as the centre frequency.
For each plot presented in this chapter, the E and H-cuts of the copolar beam
are presented along with a Gaussian equivalent beam using the expected beam
waist at the output grid for each band. Please note that, for all plots in this
chapter, “E” refers to the electric field, which lies along the x-direction of the
output grid. “H” refers to the magnetic field which itself follows the y-direction
of the grid. Figure 5.4 shows the positive x-direction heading towards M4 and
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positive y-direction heading out of the page. This convention holds for all plots
and results presented in this chapter.
Gaussicity is calculated with the best fit overlap of an equivalent Gaussian field
with the output field from GRASP. The beam waists in the x and y direction
(ω0x and ω0y respectively) are the beam waists of the equivalent Gaussian beam.
Finally, ω0 Expected is the expected beam waist. Figure 5.8 shows the grids used
to record the beams overlaid on each other.
Figure 5.8: Output grids for Bands 5, 6 and 9. Note the orientation of the grid
and how it relates to the recorded E and B fields.
5.4.1 Band 5 Results (163 - 211 GHz)
This section lists plots (linear and logarithmic) of the beam at the cartridge focus
for Band 5. A plane grid of size 80 mm by 80 mm and located at the cartridge
focus was used with 201 samples in both directions. The convergence for the
beam in GRASP was set to -120 dB, which ensures accuracy above these levels.
ω0 was set to 9.6 mm. The centre frequency was 187 GHz. Results of a Gaussian
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beam fitting routine applied to the beam are also included. Please note that in
Figures 5.9 - 5.16, “E” refers to the E-plane and “H” refers to the H-plane.
5.4.2 Band 5 Plots
Figure 5.9: Band 5 linear plot of the co-polar beam at 187 GHz. An equivalent
Gaussian function (ω0 = 9.6 mm) has been included for comparison.
Figure 5.10: Band 5 log-plot of the co-polar beam at centre frequency 187 GHz.
An equivalent logarithmic Gaussian function(ω0 = 9.6 mm) has been included for
comparison.
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Figure 5.11: Band 5 linear plot of the cross-polar beam at 187 GHz.
Figure 5.12: Band 5 log-plot of the cross-polar beam plot at 187 GHz.
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Figure 5.13: Band 5 combined beam linear plot at 187 GHz. The equivalent
Gaussian is no longer present.
Figure 5.14: Band 5 combined beam log-plot at 187 GHz. Again, the equiva-
lent Gaussian is no longer present. Note the low sidelobe levels and high beam
symmetry.
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Figure 5.15: Band 5 co-polar contour plot at 187 GHz.
Figure 5.16: Band 5 cross-polar contour plot at 187 GHz.
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5.4.3 Band 5 Results and Discussion
Physical Optics Results (Band 5)
Gaussicity (%) ω0x (mm) ω0y (mm) X offset (mm) Y Offset (mm) X Tilt (◦) Y Tilt (◦) ω0 Expected (mm)
99.81 9.85 9.84 0.024 0 0 0.001 9.60
Table 5.3: Band 5 results. Note that tilt here refers to phase tilt.
As can be seen in Table 5.3, the beam waists at the cryostat in both x and
y match the expected beam waists supplied in Kooi (2016) to the order of ±
0.25 mm. The cause of the difference was found to be the size of the mirrors.
Diffraction effects would occur at the mirror edge. If the mirror size is doubled
(M4 radius: 391.4 mm, M3 radius: 280.2 mm), the beam waists will match
the sizes reported in Kooi (2016), which themselves are derived from ray matrix
analysis. The diffraction effect from the finite size of the mirror surfaces has a
significant effect in reality but could not be included in basic optical analysis.
Despite the small discrepancy, the beam was found to be over 99 % Gaussian
after fitting, indicating low aberration after propagation through the receiver. The
levels of the cross-polar beam component is around the -30 dB level, indicating low
beam distortion being generated by the receiver. Having satisfied the conditions
that the fitted beam waists match the expected beam waists the receiver design
can be considered verified for Band 5.
5.4.4 Band 6 Results (211 - 275 GHz)
The following section lists plots (linear and logarithmic) of the beam at the
cryostat focus for Band 6. The beam (ω0 = 7.385mm) was launched from the
Cassegrain focus and propagated from M3, to M4 and to the focus in the band
cartridge. The planar output grid was located at the cartridge focus, the detector
horn location. The grid size was decreased to 60 mm by 60 mm, with 201 samples
in both x and y directions. The convergence for the beam was set to -120 dB.
The frequency was 243 GHz. Also included are the results of Gaussian fitting on
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the beam. Please note that in Figures 5.17 - 5.24, “E” refers to the E-plane and
“H” refers to the H-plane.
5.4.5 Band 6 Plots
Figure 5.17: Band 6 linear plot of the co-polar beam at centre frequency 243
GHz. An equivalent Gaussian function (ω0 = 7.385 mm) has been included for
comparison.
Figure 5.18: Band 6 log-plot of the co-polar beam at centre frequency 243 GHz.
An equivalent logarithmic Gaussian function (ω0 = 7.385 mm) has been included
for comparison.
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Figure 5.19: Band 6 linear plot of the cross-polar beam at 243 GHz.
Figure 5.20: Band 6 log-plot of the cross-polar beam at 243 GHz.
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Figure 5.21: Band 6 combined beam linear plot at 243 GHz.
Figure 5.22: Band 6 combined beam log-plot at 243 GHz. Note the low sidelobe
levels (-50 dB) and consistent level of symmetry from Band 5.
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Figure 5.23: Band 6 co-polar contour plot at 243 GHz.
Figure 5.24: Band 6 cross-polar contour plot at 243 GHz.
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5.4.6 Band 6 Results and Discussion
Physical Optics Results (Band 6)
Gaussicity (%) ω0x (mm) ω0y (mm) X Offset (mm) Y Offset (mm) X Tilt (◦) Y Tilt (◦) ω0 Expected (mm)
99.84 7.58 7.58 0.015 0 -0.0009 0 7.385
Table 5.4: Band 6 results. Note that tilt here refers to phase tilt.
As can be seen in Table 5.4, the beam waists at the cryostat in both x and y
match well the expected beam waists supplied in Kooi (2016) to the order of ±
0.195 mm. Again diffraction effects at the mirror rim will affect the beam but,
due to the smaller beam profile at this higher frequency the discrepancy is less
than that found for Band 5. The beam was found to be over 99 % Gaussian
after fitting, indicating low aberration after propagation through the receiver for
this higher frequency band. It is higher than the Gaussicity reported for Band 5,
which is expected due to the lower aberration and smaller beam size relative to
the mirror size due to the higher frequency. The levels of the cross-polar beam
component is around the -30 dB level again, indicating high polar purity being
generated by the receiver. Having satisfied the conditions that the fitted beam
waists match the expected beam waists the receiver design can be considered
verified for Band 6.
5.4.7 Band 9 Results (602 - 720 GHz)
The following section lists plots (linear and logarithmic) of the beam at the car-
tridge focus for Band 9. A plane grid of size 20 mm by 20 mm was used with 201
samples in both directions. Again, the output grid was located at the cartridge
(the detector horn location). The convergence for the beam was set to -120 dB.
ω0 was given a value of 2.7196 mm. The frequency was 660 GHz. As before,
fitting results will be presented after the plot section. Please note that in Figures
5.25 - 5.32, “E” refers to the E-plane and “H” refers to the H-plane.
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5.4.8 Band 9 Plots
Figure 5.25: Band 9 linear plot of the co-polar beam for 660 GHz. An equivalent
Gaussian function (ω0 = 2.7196 mm) has been included for comparison.
Figure 5.26: Band 9 log-plot of the co-polar beam for 660 GHz. An equivalent
logarithmic Gaussian function (ω0 = 2.7196 mm) has been included for compari-
son.
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Figure 5.27: Band 9 linear plot of the cross-polar beam for 660 GHz.
Figure 5.28: Band 9 log-plot of the cross-polar beam for 660 GHz.
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Figure 5.29: Band 9 combined beam linear plot for 660 GHz.
Figure 5.30: Band 9 combined beam log-plot for 660 GHz. The sidelobe levels
remain at -50 dB and high levels of beam symmetry are still present at this higher
frequency.
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Figure 5.31: Band 9 co-polar contour plot for 660 GHz.
Figure 5.32: Band 9 cross-polar contour plot for 660 GHz.
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5.4.9 Band 9 Results and Discussion
Physical Optics Results (Band 9)
Gaussicity (%) ω0x (mm) ω0y (mm) X Offset (mm) Y Offset (mm) X Tilt (◦) Y Tilt (◦) ω0 Exp (mm)
99.84 2.79 2.79 0.004 0 0.00035 0 2.72
Table 5.5: Band 9 results. Note that tilt here refers to phase tilt.
As can be seen in Table 5.5, the beam waists at the cryostat in both x and y
seem to match the expected beam waists supplied in Kooi (2016) to the order of
± 0.07 mm. The lessened diffraction effects, thanks to the narrower beam profile,
result in a much lower discrepancy compared to the other two bands. The beam
was found to be over 99 % Gaussian after fitting, indicating low aberration after
propagation through the receiver. The fitted value is lower by 0.05 % compared
with the other bands. The jump in frequency from 243 GHz to 660 GHz for
Band 9 may be responsible, as higher frequency beams are more collimated and
smaller relative to the mirror surface, given the narrower beam profile. The levels
of the cross-polar beam component is around the -30 dB level, indicating low
levels of cross-polar radiation being generated by the receiver. Having satisfied
the conditions that the fitted beam waists match the expected beam waists the
receiver design can be considered verified for Band 9.
5.5 Mirror Verification and CAD Exportation
Given that they would be used to machine the surface profiles of M3 and M4, it
was necessary to validate the conic mirror surface definitions. This was done in
GRASP by creating an equivalent surface using an alternative surface description
to ensure the correct surface curvatures were being realised independent of the
surface definition being used. The following sections will detail this process.
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5.5.1 Elliptical Mirror
Ellipsoidal surfaces are derived from the conic mirror surface definitions men-
tioned previously, though they use three different parameters: vertex distance
(2a), foci distance (2c) and axis angle. The vertex distance is the distance be-
tween the two vertices of the representative ellipsoid. The foci distance is the
distance between the two foci of the representative ellipse. The axis angle is the
angle between the major axis of the ellipse and the reflector coordinate system
z-axis. This along with the mirror radius selects the part of the ellipsoid to be
used. Figure 5.33 shows the definition of the ellipsoid.
Figure 5.33: Ellipsoidal mirror definition used by GRASP. Credit: By Ag2gaeh -
Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=
57428275
An ellipsoidal surface type in GRASP does not use r1 and r2 values. Those
values instead inform the vertex and foci distances of the ellipsoidal surface. The
resulting for surface parameters for M3 are listed in Table 5.6:
M3 Ellipsoidal Parameters
Major Axis 2a (mm) 6329.69
Minor Axis 2b (mm) 3147.12
Interfocal Distance 2c (mm) 5491.87
Focal Length (mm) 1564.75
Eccentricity 0.868
Axis Angle (◦) -260.415
Table 5.6: Ellipsoidal parameters used to define M3.
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5.5.2 Hyperbolic Mirror
Hyperbolic mirror definitions require two parameters: vertex distance (2a) and
foci distance (2c). These parameters are defined as they are above in the elliptical
mirror section. However, for a hyperbola, the foci distance (2c) is larger than the
vertex distance (2a). The axis angle is used to rotate the hyperbola to its correct
orientation. M4 was previously constructed as an ellipsoid, but was corrected to
be a hyperboloid. Figure 5.34 shows the definition of the hyperboloid.
Figure 5.34: Hyperbolic mirror definition used by GRASP. Credit: By Ag2gaeh -
Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=
57127253
The parameters of the hyperboloid are listed in Table 5.7:
M4 Hyperboloidal Parameters
Major Axis 2a (mm) 3191.69
Minor Axis 2b (mm) 2234.77
Interfocal Distance 2c (mm) 3896.29
Focal Length (mm) 1564.75
Eccentricity 1.22
Axis Angle (◦) 9.603
Table 5.7: Hyperboloidal parameters used to define M4.
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5.5.3 Irregular XY Grid Mirrors
The final method of the defining the two mirrors was to use the Irregular X-Y
Grid, Triangulation surface. This surface allows a shape in CAD format (see
Chapter 4) to be re-entered into GRASP and investigated. This was deemed
necessary as the mirrors had been sent in CAD format to the LLAMA team.
As such, it was necessary to ensure that no optical performance degradation
had occurred in the exporting process and how the mirror surfaces are defined
to ensure the integrity of the design in exporting the surfaces to the LLAMA
consortium. Meshes of the mirrors were created by using GRASP to export
the mirrors in STEP format. Once imported to FreeCAD triangulation meshes
were fitted to the surfaces of M3 and M4. These meshes were then exported,
reformatted to be readable by GRASP and reimported into GRASP. To check
the integrity of import/export processes, the results with the original surfaces
would be compared with the results from the meshed surfaces. Two Irregular
X-Y Grid, Triangulation surfaces were created to represent M3 and M4 and can
be seen in Figure 5.35.
Figure 5.35: Newly imported M3 and M4 in FreeCAD.
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5.5.4 Verification of Standard Mirror Geometries
The ellipsoidal version of M3 can be seen in Figure 5.36. Parameters in Table 5.6
were used to construct this mirror. An ellipsoidal mirror (possessing two foci) can
redirect radiation emerging from one focus towards the other focus, a property
that makes it useful in receiver design. The coordinate system of this mirror was
placed over the feed at the Cassegrain focus, which can be considered as one of
the foci of the system. The other focus of M3 was located behind M4, designating
this as a “focusless” type of GBT. As the axis angle has been accounted for in
the surface definition of the mirror, there is no need to change the orientation of
this mirror.
Figure 5.36: Ellipsoidal M3 in GRASP.
The hyperboloidal version of M4 can be seen in Figure 5.37. Table 5.6 contains
the parameters used to create this mirror.
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Figure 5.37: Hyperbolic M4 in GRASP.
These surfaces are more complex to set up that their ellipsoidal counterparts.
Figure 5.38 shows M4, fully set up and integrated with the rest of the GBT. The
full hyperboloid has one focus placed on the output grid and the other at the
secondary focus of M3. Unlike the ellipsoidal surfaces, hyperboloidal surfaces do
not take in an axis angle as an input though this parameter is still required. This
value was found by using the cosine rule to determine the angle between the axis
joining the two foci of the hyperbola and the axis joining the centre point of M4
to the second focus of the hyperbola. This rotation ensures that the bending
angle of M4 will be 90◦ as required. This axis angle was found to be 9.603◦.
Figure 5.38 shows the full hyperbola in GRASP. Both the base coordinate system
and rotated coordinate system are located at the focus of the hyperbola. Figure
5.39 shows the rotation in greater detail. Next, the surface must be enclosed by
a de-centred rim. This de-centring is taken care of by the ellipsoidal surface but
not for the hyperboloidal surface. An alternative method is to export the rim
from the Conic Mirror Surface version of M4 and use it again for the hyperboloid
version. The latter method is more complicated but ends up being the superior
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method as it eliminates a lot of the user adjustments. Figure 5.38 shows M4 as
the usable part of the whole hyperbola.
Figure 5.38: M4 hyperbola integrated into the LLAMA GBT.
Figure 5.39: The axis angle rotation implemented in GRASP.
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The same physical optics calculations as performed on the CMS mirrors were
carried out for the standard geometry mirrors. The custom, highest fidelity
meshes were used for this analysis. This process of creating these meshes is
detailed in Chapter 4. The mesh of M3 consists of 727 points with 1344 faces
and the M4 mesh consists of 711 points with 1312 faces. The standard mirrors
are constructed of a single surface, the user can only influence the tolerances of
the mirrors by importing pre-generated distortions.
The results are shown in Figures 5.40 - 5.45. Both the co-polar and cross-polar
beam components will be presented, to demonstrate the change (if any) in the
power level and sidelobe structure:
Figure 5.40: Linear and logarithmic co-polar E cuts for CMS and Standard Mir-
rors (187 GHz).
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Figure 5.41: Linear and logarithmic co-polar H cuts for CMS and Standard Mir-
rors (187 GHz).
Figure 5.42: Linear and logarithmic co-polar E cuts for CMS and Standard Mir-
rors (243 GHz).
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Figure 5.43: Linear and logarithmic co-polar H cuts for CMS and Standard Mir-
rors (243 GHz).
Figure 5.44: Linear and logarithmic co-polar E cuts for CMS and Standard Mir-
rors (660 GHz).
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Figure 5.45: Linear and logarithmic co-polar H cuts for CMS and Standard Mir-
rors (660 GHz).
Looking at the comparison images, it is difficult to discern any difference be-
tween each band. Gaussian fitting was performed on the standard mirror data
and the results can be viewed in Tables 5.8 - 5.10 below:
Physical Optics Results (Band 5)
Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Expected (mm)
99.81 9.85 9.84 9.60
Table 5.8: Band 5 standard mirror results.
Physical Optics Results (Band 6)
Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Expected (mm)
99.84 7.58 7.58 7.385
Table 5.9: Band 6 standard mirror results.
Physical Optics Results (Band 9)
Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Expected (mm)
99.84 2.79 2.79 2.7196
Table 5.10: Band 9 standard mirror results.
151
Chapter 5: LLAMA Optical Analysis Mirror Verification and CAD Exportation
Gaussicity and waist values are identical to those shown previously. This
result is unsurprising given that the conic mirror surfaces are a progenitor class
for the standard mirror geometry surfaces. The only notable difference between
the two methods is in their implementation.
5.5.5 Comparison of CAD Mirrors with Conic Mirror Sur-
faces
As stated previously, the optical performance of the meshed mirror surfaces
needed to be tested against the smooth surfaces generated by GRASP. Tests
were carried out for three different mesh densities, two of which are presets of
FreeCAD’s Netgen meshing tool and a custom one which is the densest Netgen
mesh FreeCAD could produce. These results can also be seen in Chapter 4.
The peak co-polar power levels were compared to ensure there had been no loss
in power.
Triangulation meshes are the only type of mesh GRASP will accept for single-
surface reflectors. These meshes represent their parent surface using many flat,
triangular segments. One of the potential issues with using meshes in GRASP
is that the triangles may not stitch together well, causing the surface to appear
rough. Increasing the density of the mesh increases the number of triangular
segments that will be used to represent the surface, causing the area of each seg-
ment to decrease. In addition, GRASP employs a fifth-order polynomial function
to smooth over the surface before it is used in calculations. Meshed mirrors are
placed differently to the other mirror types in GRASP. The reference point for
them is the Global coordinate system by default, though the user can change the
reference point in GRASP when exporting mirrors in CAD format. A standard
rim object can be applied to them.
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The two mesh presets used were “Fine” and “Very Fine”. Of these, two ver-
sions were used: one with and one without second order elements included. The
custom mesh included second order elements. The meshes were exported using
the procedure set out in Chapter 4. Physical optics calculations were carried
out in the same manner as the others presented in the chapter. Below the plots
of beam power the results of Gaussian fitting per band are shown. The E cuts
are illustrated for each band as these cuts contain asymmetries. Each cut is com-
pared with the conic mirror surface E cut for reference. The H cuts, as can be
see in the previous section, match up exactly for each mesh density tested. The
results are set out in Figures 5.46 - 5.54:
Figure 5.46: E cut co-polar levels for custom mesh and CMS (187 GHz).
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Figure 5.47: E cut co-polar levels for very fine mesh and CMS (187 GHz).
Figure 5.48: E cut co-polar levels for fine mesh and CMS (187 GHz).
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Figure 5.49: E cut co-polar levels for custom mesh and CMS (243 GHz).
Figure 5.50: E cut co-polar levels for very fine mesh and CMS (243 GHz).
155
Chapter 5: LLAMA Optical Analysis Mirror Verification and CAD Exportation
Figure 5.51: E cut co-polar levels for fine mesh and CMS (243 GHz).
Figure 5.52: E cut co-polar levels for custom mesh and CMS (660 GHz).
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Figure 5.53: E cut co-polar levels for very fine mesh and CMS (660 GHz).
Figure 5.54: E cut co-polar levels for fine mesh and CMS (660 GHz).
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The results of Gaussian fitting on the mesh mirrors are located in Tables 5.11
- 5.13. The results are split by band for ease of reference:
Physical Optics Results (Band 5)
Mesh Type Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Exp (mm)
Custom 99.81 9.84 9.84 9.60
Very Fine 99.81 9.84 9.84 9.60
Fine 99.806 9.85 9.84 9.60
Table 5.11: Band 5 meshed mirror results.
Physical Optics Results (Band 6)
Mesh Type Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Exp (mm)
Custom 99.84 7.58 7.58 7.385
Very Fine 99.84 7.58 7.58 7.385
Fine 99.83 7.58 7.58 7.385
Table 5.12: Band 6 meshed mirror results.
Physical Optics Results (Band 9)
Mesh Type Gaussicity (%) ω0x (mm) ω0y (mm) ω0 Exp (mm)
Custom 99.83 2.8 2.79 2.7196
Very Fine 99.83 2.79 2.79 2.7196
Fine 99.82 2.79 2.79 2.7196
Table 5.13: Band 9 meshed mirror results.
Looking at the results per band, it can be seen that at higher power levels (0-
40 dB) the meshed mirrors are in good agreement with the control conic mirror
surfaces. Deviation occurs at the -40 dB level and seems to worsen for both
higher frequencies and lower mesh densities. The latter makes sense as the lower
densities result in cruder surface definitions. The former is also expected as higher
frequency beams have narrower profiles. The increased size of the triangular areas
coupled with the smaller beam sizes means that effects will be larger for Band
9 than for Band 5. In effect, the higher frequency beams are influenced by the
rougher parts of a surface much more than the lower frequency ones. It is for
this reason that tolerances for optical surfaces used in the visible region are much
lower than for the infrared region. Tables 5.11, 5.12 and 5.13 contain the Gaussian
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fitting results from the meshed mirrors. A drop in Gaussicity of 0.04% for Band
5 and at most 0.01% for Bands 6 and 9 indicates that the lower quality meshes
are having a negligible effect on the already-existing aberration experienced by
the beams. The waists for all bands are functionally identical to those obtained
with the conic mirrors in Tables 5.3, 5.4 and 5.5.
5.5.6 Exporting the Mirrors in CAD Format
The final piece of work to carry out with the LLAMA GBT was to export the mir-
ror geometry to a CAD format. The mirrors would be produced using Computer
Numerical Control (CNC) milling. The mirrors, in CAD format, would define the
dimensions of a part to be milled. Computer aided manufacturing (CAM) soft-
ware converts the CAD model into a series of instructions that a milling machine
can follow.
Exporting mirror surfaces in GRASP can be done in the following ways. To
export a mirror as a GRASP-readable file, a “Surface Data Output” object must
be instantiated. This object can represent a mirror surface as a grid of irregular
xyz points, a regular xy grid or as a ρ − z arc. The data is stored as a “.sfc”
file, a file type bespoke to GRASP. The user must provide a range in x and y
as well as a number of points they wish to sample. The units for the x, y and
z distances must also be specified. The “Values” option selects which values are
generated for the surface. The choices are either z-values of the surface, or either
first, second order derivatives of the surface along either the x or y directions
(or a mix of both). A reference coordinate system must be chosen in which the
surface will be tabulated. Finally, the “List” option will set whether or not the
points generated will be displayed on the output window. The “Get Reflector
Data” command will then generate the “.sfc” file. Note that this method will not
export the rim of the mirror, just the surface.
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To export a mirror as a CAD file, a command must be used with no object
required. Surfaces can be exported to either a STEP or IGES format. The mirror
to be exported is chosen as the target of the command. A file name and location
must be entered. The “Tolerance” parameter sets the allowed deviation between
the GRASP definition and the CAD representation in units of distance. Should
a mirror/scatterer contain more than one body (i.e. support struts or composite
mirrors) there is the option to group these bodies together or not. Finally, the
reference coordinate system must be selected. This method will include the rim,
exporting a full mirror rather than a surface.
The latter method was used to export M3 and M4. The STEP format was
chosen for both mirrors. The tolerance for the two mirrors was set to 0.1 mm.
The Global coordinate system was used for both mirrors to keep the geometry of
the GBT intact should they be imported to a CAD program.
Once created and checked in FreeCAD, the CAD files were sent to the LLAMA
consortium for manufacture. Figures 5.55 and 5.56 (courtesy of Dr. Jacob Kooi)
are AstroCAD design drawings of the M3 and M4 mirrors respectively:
Figure 5.55: AstroCAD design drawing of M3.
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Figure 5.56: AstroCAD design drawing of M4.
5.6 Conclusions
To recap, the goal of this work was to implement and analyse the GBT required
for the LLAMA Nasmyth B receiver cabin. The analysis was carried out for three
frequency bands: LLAMA Bands 5, 6 and 9. The beam contour plots shown in
previous sections confirm that the beams measured are symmetric and highly
Gaussian, indicating low aberration being induced by the receiver. All co-polar
beam components were found to be over 99 % Gaussian. Though no expected
Gaussicity were provided, the results nonetheless indicate low aberration through
the optical system. The power level of the cross-polar beam components were
found to be low with respect to the power of the co-polar beam components.
Finally, the fitted beam waists in both x and y were almost identical to the
expected beam waists from Kooi (2016).
Looking at the comparison between conic mirror surfaces and standard GRASP
surface definitions, it can be seen for all bands that the beam components are
identical. The largest difference to be seen in all bands is the depth of the cross-
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polar central dip, though this is for all intents and purposes an aesthetic difference
as the levels of these features are -80 to -100 dB. As stated in the relevant section,
this result is expected. The choice of the two types of mirror definition will
therefore be up to the user themselves. The only noticeable difference between
the two functionally is the mirror rim definition, which is far simpler for conic
mirror surfaces. No decentre value is required nor does the size of the mirror have
to be adjusted depending on whether an ellipse or hyperbola is being used.
Regarding the meshing portion of this section, the results show that, at the
lowest level, all of the mesh densities can be said to replicate a GRASP single
face reflector well. The custom meshes (highest number of points) can replicate
the conic mirror surfaces almost identically. The “Very Fine” meshes show slight
deviation in the co-polar levels around -30 to -40 dB. The “Fine” meshes have
deviations at the same level which are more pronounced. There do not seem to
be any deviations at higher power levels. The deviation at lower power levels (≈
-50 dB) can be explained due to the degradation of the focus as mesh density
drops. Figures 5.57 and 5.58 illustrate this point rather clearly. The fewer points
that constitute the mesh surface of a mirror, the larger the triangular sections
become. This causes the surface to become more poorly defined, even with the
help of the smoothing polynomial used by GRASP. This shows that mesh density
is an important factor when using meshed surfaces; the higher the number of
points, the better the surface will represent the smooth, mathematically defined
single-surface reflectors of GRASP.
Finally, the mirrors M3 and M4 were successfully exported to a CAD format.
Both the spacing and positions of the mirrors were verified with FreeCAD. The
CAD files were deemed satisfactory, as evidenced by the AstroCAD drawings seen
in the previous section.
162
Chapter 5: LLAMA Optical Analysis Conclusions
Figure 5.57: Focus at the band cartridge/output grid using CMS mirrors.
Figure 5.58: Focus at the band cartridge/output grid using “Fine” density preset
meshed mirrors. The focus has become somewhat distributed when compared
with the above figure.
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CORE Analysis
6.1 Introduction
The purpose of this chapter is to discuss the telescope analysis carried out in
Maynooth of the proposed Cosmic ORigins Explorer (CORE) space telescope.
Two iterations of the telescope design were tested initially to establish which
design offered the best optical performance and solution to the mission. Due
to the constraints of a fixed launcher volume, optical configuration was critical.
After this, more detailed analysis was carried out on the chosen design. Detailed
descriptions of the construction of the optical models in GRASP will be provided.
The detector arrays on the focal plane were positioned and aligned. Mirror meshes
from a CAD model were defined and positioned to recreate the telescope layout.
Most importantly, the beams of radiation produced by CORE over its designated
frequency bands will be presented, having been simulated in GRASP to predict
the beam patterns on the sky. An introduction to the CORE concept mission
will now follow.
6.2 Information on the CORE Mission
CORE was a proposed mission submitted to the ESA Cosmic Visions M5 call in
2016. Its goal was to study the CMB with a focus on polarisation, specifically
attempting to detect the elusive primordial B-modes outlined in Chapter 1.
The telescope and instrument would have to fit the strict requirements of
an ESA medium M-class mission with limited budget overall which narrows the
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technical options available. The stated goal for the scalar-to-tensor ratio achiev-
able (i.e. the level of B-mode power detectable in relation to E-mode power) is
r ≈ 1 × 10−3. de Bernardis et al. (2017) explain that this level of sensitivity
will mean that a non-detection would indicate the absence of large-scale inflation
signatures on the CMB. Being a space-based instrument allowed CORE to aim
for angular resolutions on the order of a few arcminutes and a polarisation sensi-
tivity of less than 2.5 µK, which is 20 times that of the aggregated polarisation
sensitivity of the detectors on-board Planck. To achieve this exquisite sensitivity,
the focal plane will contain 2100 linearly polarised, cryogenically cooled detectors
(limited by cost). The telescope will possess 1.2 m aperture similar to Planck,
leading to a focal plane that will be about 50 cm in diameter (limited again
by cost). The frequency range was chosen to be 60 - 600 GHz, a suitably long
range required to perform background subtraction (again limited by budgetary
constraints). This range would be broken up into 19 bands in three general group-
ings: Low Frequencies (60 - 155 GHz), CMB Frequencies (130 - 220 GHz) and
High Frequencies (255 - 600 GHz).
KIDs were selected as the detector technology. As KIDS can be printed en
masse onto silicon boards, they can be tiled onto a flat surface to drastically
increase the detector density. This necessitates a telescope system capable of
producing a flat focal plane to allow optimum structuring of the detectors in a
mosaic fashion.
The satellite was planned to be located at the Sun-Earth L2 Lagrangian point
(1.5×106 km from the Earth). This is a popular location due to the thermal and
gravitational stability of this region. L2 is constantly in the shadow of the Earth,
avoiding the disastrous possibility of Sun exposure on the cryogenic systems. A
Lissajous orbit was chosen for the satellite. Orbits at L2 are non-periodic, and
Lissajous orbits require a modest amount of station-keeping to maintain. The
scan strategy would be to cross sky pixels multiple times to eliminate systematic
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effects like bias and thermal noise and the pickup of sidelobes from near/fore-
ground sources.
Two telescope designs of CORE were submitted to Maynooth for PO testing.
The first was an Offset Gregorian design that had been created in Maynooth
with OpticStudio and optimised with CODE V at the University of Minnesota.
The program mismatch therefore required surface meshing in order to import the
design into GRASP. The second was an Offset Dragonian design that was created
and under test in Maynooth using GRASP. The two designs would be compared
and the superior design would be recommended.
6.2.1 Focal Plane
Figure 6.1: Outline of the CORE focal plane showing detector placement and the
detector frequencies.
The potential layout of detectors is shown in Figure 6.1. The small circular
objects represent tiled KID detectors. The larger circles with the crosses repre-
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sent Lumped Element KIDS (LEKIDS) that are coupled to planar meta-material
lenselets. The crosses represent the polarisation sensitivity of the detector. Ortho-
mode transducers will be used to split the polarisation into two orthogonally
polarised channels. The focal plane is 0.5 m in diameter, yielding a diffraction
limited field of view (DLFOV) of up to 12◦ on the sky (reported in de Bernardis
et al. (2017)) with an Offset Dragonian telescope. The scan direction is horizon-
tal. Due to the use of superconducting detection technology, the focal plane will
be located in a cryostat unit at a temperature of 100 mK. The focal plane must
also be located close to the service module of the satellite for the engineering of
the cryogenic systems. This is another constraint on the optical design.
6.3 Offset Gregorian Design
The first telescope design of CORE that was tested was an Offset Gregorian
telescope. The design was created using OpticStudio in Maynooth, optimised
with CODE V in Minnesota and returned to Maynooth for PO analysis. It was
returned in a STEP file format, meaning meshing was required to translate the
design into a form readable by GRASP so that PO analysis could be performed.
6.3.1 Implementation in GRASP
Figure 6.2: The implemented meshed objects of the Offset Gregorian telescope.
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The process of importing the meshed mirrors of the Offset Gregorian design has
been covered in Chapter 4. Both reflectors (primary and secondary) and the
focal plane representation shared a common global coordinate system. As a result,
no manual adjustments were needed to return the meshed mirrors to their proper
positions. The GRASP model is shown in Figure 6.2.
The rims of the three objects required decentering from the global coordinate
system. These values were found via geometrical information contained in the
CAD model. The values are contained in Table 6.1:
Offset Gregorian Rim Data
Object Centre (x) (m) Centre (y) (m) Radius (x) (m) Radius (y) (m)
Primary 0 0 0.819 0.819
Secondary 0 -1.543 0.65 0.564
Focal Plane 0 -1.1422 0.3232 0.3232
Table 6.1: Rim data for the Offset Gregorian mirrors and focal plane.
The model now needed to be prepared for physical optics calculations. Two
PO, Analysis objects were created for the primary and secondary mirrors. The
focal plane material was adjusted to be 100% transmitting, given that it is merely
a representation of the circle of least confusion and therefore not designated as a
reflector. The analysis frequency was chosen to be 100 GHz. Feeds of radiation
would be placed at the focal plane to be propagated through the mirrors and
captured by offset grids placed on the sky. Gaussian beams were used to represent
the detector feeds in the first instance as an exact input field description is not
available.
Feeds and grids would need to be aligned before any PO calculations could
commence. The plan was to test the beams produced by the telescope up to 8◦
off-axis on the sky. This would take the form of 17 feeds; one placed at the centre
of the FOV and the others offset along either azimuth θ or elevation φ. Focal
plane locations were spaced by 1◦ to a maximum of 4◦. This allowed a sizeable
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portion of the FOV to be analysed.
A vector approach was used to place and align the feeds on the focal plane.
Propagation in the telescope system is reciprocal, so a beam incident at an angle
of +2◦ elevation will meet the focal plane at a specific coordinate and angle. A
feed placed at that point on the focal plane and oriented 180◦ opposite to that
angle will produce a beam that follows the same path and travels onto the sky
offset at +2◦ in elevation. This principal would allow all the offset feeds to be
positioned and oriented correctly.
Taking the z−axis of the global coordinate system as the centre ray, plane ray
objects were constructed in GRASP at offsets ranging from +4◦ to -4◦ in both
azimuth and elevation. These objects are intended as a visual aid, but the points
where rays contact a surface can be recorded. Additionally, a plot of the mirror
system allows those points to be obtained manually. The chief ray was used as the
guide since the majority of the power propagates along that direction. The point
of contact of a ray with the focal plane will become the location of a Gaussian
feed. To compute the orientation of that feed, a vector was constructed using the
contact point with the focal plane as point A and the point of contact with the
subreflector as point B. The resulting unit vector Rˆ can be computed with the
following equations:
|R| =
√
(Ax −Bx)2 + (Ay −By)2 + (Az −Bz)2 (6.1)
Rˆ = Ax −Bx|R| xˆ +
Ay −By
|R| yˆ +
Az −Bz
|R| zˆ (6.2)
This unit vector Rˆ will serve as the z-axis of a particular Gaussian feed. Once
entered into the coordinate system, the ray from the feed and the incident plane
ray will be aligned. The locations and orientations of the feeds used in the Offset
Gregorian design are listed in Table 6.2:
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Feed Coordinate System Values
Coord. Sys. x (m) y (m) z (m) α (◦) β (◦) γ (◦)
Central 0.0 -1.09 1.99 1 -90.035 163.658 -0.0332
θ+1◦ -0.0528 -1.092 1.991 -79.971 163.4806 -26.3087
θ+2◦ -0.108 -1.0952 1.991 -70.121 162.8870 179.6862
θ+3◦ -0.1615 -1.1022 1.991 -61.115 162 117.6853
θ+4◦ -0.216 -1.11 1.99 -53.0176 160.7650 121.0770
θ-1◦ 0.0564 -1.089 2.0 -100.36 163.4537 260.0571
θ-2◦ 0.1116 -1.095 2.0 -110.24 162.95 250.5824
θ-3◦ 0.1893 -1.054 2.15 -118.975 161.9222 242.2373
θ-4◦ 0.2197 -1.1067 2.0 -127.161 160.7145 234.4190
φ+1◦ 0.00174 -1.1446 1.99 -90.2316 166.4835 179.7749
φ+2◦ 0.00147 -1.1977 2.01 -90.2466 169.3913 179.7576
φ+3◦ 0.0 -1.255 2.029 -90.0 172.361 180.0
φ+4◦ 0.00018 -1.314 2.04935 -90.0 175.3436 180.0
φ-1◦ 0.00134 -1.036 1.99282 -90.0 160.8586 90.0
φ-2◦ 0.00092 -0.9825 1.99449 -90.0 158.1138 90.0
φ-3◦ -0.00011 -0.9275 1.99621 -90.0 155.3786 90.0
φ-4◦ -0.00024 -0.8755 1.99784 -90.0 152.7568 90.0
Table 6.2: Offset Gregorian feed coord. system parameters using Euler angles.
A similar, albeit far simpler, process is used to aligned the output grids. Take
for example the -3◦ elevation output grid. The coordinate system of the grid is
based on the coordinate system of the -3◦ elevation plane ray. The grid coordinate
system is then rotated by 180◦ to place the grid behind the incident plane ray.
This grid will now be primed to collect radiation from the aligned -3◦ elevation
feed. The fully aligned system is illustrated in Figure 6.3:
Figure 6.3: The aligned Offset Gregorian CORE telescope.
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6.3.2 Physical Optics Analysis
When analysing the Offset Gregorian telescope, the feed beam waists were chosen
to be 10 mm (representative of an equivalent Gaussian for a detector feed). The
frequency was set to 100 GHz. The far-field grid size was chosen to be 2◦ elevation
by 2◦ azimuth, which collects all of the beam pattern on the sky. Those feeds offset
in φ were selected for PO analysis. The results of the physical optics analysis are
presented in Table 6.3:
Physical Optics Results (Gregorian)
Beam Offset Gaussicity (%) ωx (◦) ωy (◦) x0 (◦) y0 (◦)
φ+4◦ 97.02 0.188 0.168 0 −0.085
φ+3◦ 99.11 0.187 0.175 0 −0.096
φ+2◦ 99.55 0.188 0.181 0 −0.120
φ+1◦ 99.73 0.189 0.187 0 −0.129
φ=0◦ 99.75 0.188 0.194 0 −0.121
φ-1◦ 99.64 0.186 0.201 0 0.124
φ-2◦ 98.90 0.120 0.132 0 0.124
φ-3◦ 97.53 0.118 0.136 0 0.160
φ-4◦ 94.55 0.128 0.139 0 0.144
Table 6.3: Results of the Offset Gregorian PO analysis.
Included below in Figure 6.4 is the co-polar beam pattern for the centre feed
(θ=0◦, φ=0◦). Note that due to the optimisation of the mirror surfaces in CODE
V, this beam is not as symmetric as might be assumed as it is completely on-axis:
Figure 6.4: The co-polar beam pattern for central feed at 100 GHz.
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6.3.3 Depth of Field Analysis
A depth of field analysis was also carried out on the Offset Gregorian design.
This arose due to the fact that the design had been optimised in OpticStudio
and CODE V. The focal plane has a peculiar conic shape as a result and it was
deemed necessary to examine the evolution of the beams along the local z−axis
of the focal plane. The flatness of the focal plane is important for the detector
tiling. The feeds were gradually stepped back in 5 mm increments to a maximum
distance of 40 mm and the Gaussicity of each beam was recorded. This served to
give a broad idea as to how the quality of the beams would change with distance
from the nominal focus. The Gaussicity results give an indication of the depth of
field of the beams and are shown in Table 6.4:
Depth of Field Gaussicity Results
Field z (mm)0 5 10 15 20 25 30 35 40
0◦ 99.745 99.75 99.694 99.7113 99.7561 99.7543 99.7502 99.7447 99.7373
+1◦ 99.7291 99.7306 99.5724 99.6758 99.7206 99.7308 99.7284 99.712 99.7045
+2◦ 99.5473 99.5495 99.5516 99.4764 99.5497 99.5446 99.5567 99.5568 99.5564
+3◦ 99.1082 99.1203 98.8064 99.0307 99.1427 99.1592 99.0946 99.2004 99.2004
+4◦ 97.0169 98.2834 98.3194 98.0829 98.2768 98.4006 98.4597 98.4939 98.5271
-1◦ 99.6353 99.6414 99.6453 99.6465 99.6173 99.6408 99.6337 99.6238 99.6119
-2◦ 98.8977 99.3816 99.376 99.3672 99.3548 99.3389 99.3196 99.2973 99.2716
-3◦ 97.5321 98.8488 98.8156 98.7852 98.7548 98.7078 98.6487 98.6214 98.568
-4◦ 94.5527 94.102 93.6847 93.2416 92.7726 92.2895 91.795 91.29 90.7744
Table 6.4: Gaussicity values recorded in the Depth of Field analysis.
Narrowing in on z = 25 mm for examination in greater detail, a finer step size
(1 mm) was used the in the analysis. The results are set out in Table 6.5:
Depth of Field Gaussicity Results
Field z (mm)26 27 28 29
0◦ 99.754 99.7527 99.7394 99.7513
+1◦ 99.7302 99.7292 99.7276 99.729
+2◦ 99.5359 99.5252 99.5567 99.5568
+3◦ 99.192 99.194 99.1924 99.1134
+4◦ 98.4325 98.4394 98.4435 98.4528
Table 6.5: Gaussicity values for the finer Depth of Field results.
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6.3.4 Evolution of Beam along Local Z-Axis
In this section, the far-field beam patterns originating from the different z posi-
tions of the central feed will be shown. This will give an indication as to how the
beam is evolving with increasing distance along the local z-axis from the desig-
nated focal plane position, similar to Tables 6.4 and 6.5. The beam characteristics
remain quite consistent.
Figure 6.5: The co-polar beam pattern for z=0 mm.
Figure 6.6: The co-polar beam pattern for z=10 mm.
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Figure 6.7: The co-polar beam pattern for z=20 mm.
Figure 6.8: The co-polar beam pattern for z=30 mm.
Figure 6.9: The co-polar beam pattern for z=40 mm.
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As Figures 6.5 - 6.9 show, the Gaussicity rise occurs when the beam begins
to move towards the centre of the focal plane. What appears to be happening is
that, for a particular beam, the focal plane is moving from the compromise focus
where it sits in the model and towards the actual focus of that beam. Rises and
falls in Gaussicity can be seen to occur for all offset beams as their particular foci
are reached and passed by. This is indicative of the issue with the curved focal
plane; a compromise location will always be sought.
6.4 Offset Dragonian Design
The other design under consideration was an Offset Dragonian design. The model
of this telescope had been created in Maynooth, so the work for this design was
primarily to establish the feed network as with the Offset Gregorian and to test
the mirror system using PO.
6.4.1 Implementation in GRASP
The model of the Offset Dragonian had been constructed in GRASP using opti-
mised parabolic and hyperbolic mirror surfaces for the primary and secondary.
Primary Mirror Data
Focal Length (mm) 6545.46
Vertex (x) (mm) 0.0
Vertex (y) (mm) 0.0
Vertex (z) (mm) 0.0
Rim Centre (x) (mm) 6534.3962
Rim Centre (y) (mm) 0.0
Rim Radius (x) (mm) 900.0
Rim Radius (y) (mm) 800.0
x coord. (mm) 0.0
y coord. (mm) 0.0
z coord. (mm) 0.0
α (◦) 0.0
β (◦) 0.0
γ (◦) 0.0
Table 6.6: Offset Dragonian primary mirror data.
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Secondary Mirror Data
Vertex Distance (mm) -3737.037
Foci Distance (x) (mm) 9,081.0
Rim Centre (x) (mm) -1562.5639
Rim Centre (y) (mm) 0.0
Rim Radius (x) (mm) 950.876
Rim Radius (y) (mm) 796.8631
x (mm) 0.0
y (mm) 0.0
z (mm) 0.0
α (◦) 0.0
β (◦) 114.089
γ (◦) 180
Table 6.7: Offset Dragonian secondary mirror data.
The parameters of the two mirrors are shown in Tables 6.6 and 6.7. The
coordinate system for the primary mirror was located at the global coordinate
system. The coordinate system for the secondary mirror was located at the global
but moved a distance of 6545.6 mm in z, a distance equal to the focal length of
the primary mirror. Equations to construct an Offset Dragonian system can be
found in Chang and Prata (2004).
6.4.2 Positioning and Orienting Feeds and Grids
The feeds were placed via the ray-tracing method used with the Offset Gregorian
model. With no physical representation of the focal plane this time, the endpoints
of the rays were used as a positioning point for the feeds. The central feed and
those offset by ±4◦ in φ were already positioned in the model, providing useful
guide posts. The ray path length was set to 6.515 m, which would position the
ray end point at the location of the central feed propagating from the sky. The
end points of the other rays would then form an ideal focal plane for the Offset
Dragonian. The AB vector approach was used to orient each feed along the path
of its chief ray counterpart. The location and orientation each ray is set out in
Table 6.8:
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Feed Coordinate System Values
Coord. Sys. x (mm) y (mm) z (mm) α (◦) β (◦) γ (◦)
Central 8290.1588 0.0 2,839.0 -180 96.1605 270
θ+1◦ 8290.05 63.0512 2838.87 -179.1572 96.1579 90.1963
θ+2◦ 8286.9 126.096 2838.12 -178.3155 96.1720 179.3155
θ+3◦ 8282.73 189.092 2837.12 -177.4707 96.1379 22.4470
θ+4◦ 8277.37 251.736 2835.79 -176.6322 96.1223 28.8878
θ-1◦ 8289.5 -63.0512 2838.84 179.1569 96.1585 -90.1960
θ-2◦ 8286.39 -125.667 2838.12 178.3178 96.1507 -15.3283
θ-3◦ 8282.82 -188.475 2837.12 177.4804 96.1378 -22.3694
θ-4◦ 8277.07 -251.55 2835.65 176.6308 96.1202 -28.9066
φ+1◦ 8296.39 0.0 2776.32 180.0 95.3205 -180.0
φ+2◦ 8300.48 0.0 2713.19 180.0 94.4779 -180.0
φ+3◦ 8301.23 0.0 2649.32 180.0 93.6268 -180.0
φ+4◦ 8300.3 0.0 2585.63 180.0 92.7726 -90.0
φ-1◦ 8281.85 0.0 2901.57 180.0 96.9937 -180.0
φ-2◦ 8272.14 0.0 2963.27 180.0 97.8237 180.0
φ-3◦ 8259.53 0.0 2963.27 180.0 98.64 -180.0
φ-4◦ 8245.61 0.0 3085.11 180.0 99.47 -90.0
Table 6.8: Offset Dragonian feed coord. system parameters.
The grids were placed in and oriented in exactly the same manner as with the
Offset Gregorian. The fully implemented mirror system is shown in Figure 6.10:
Figure 6.10: The offset rays of the Dragonian design. The dark blue objects are
the plane wave sources.
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6.4.3 Physical Optics Analysis
When analysing the Offset Dragonian telescope, the feed beam waists were chosen
to be 10 mm with a frequency of 100 GHz. The far-field grid size was chosen to
be 2◦ elevation by 2◦ azimuth. The results of the physical optics analysis carried
out on this design are located in Table 6.9:
Physical Optics Results (Crossed Dragonian)
Beam Offset Gaussicity (%) ωx (◦) ωy (◦) x0 (◦) y0 (◦)
φ+4◦ 99.62 0.162 0.158 0 0.018
φ+3◦ 99.84 0.160 0.157 0 0.012
φ+2◦ 99.95 0.159 0.158 0 0.012
φ+1◦ 99.99 0.159 0.159 0 0
φ=0◦ 99.99 0.159 0.159 0 0
φ-1◦ 99.99 0.159 0.159 0 0.003
φ-2◦ 99.94 0.160 0.159 0 0.007
φ-3◦ 99.84 0.162 0.160 0 0.007
φ-4◦ 99.64 0.163 0.162 0 −0.012
Table 6.9: Results of the Offset Dragonian PO analysis.
The co-polar beam pattern for the central beam is included in Figure 6.11:
Figure 6.11: The co-polar beam pattern for θ=0◦.
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6.5 Comparison of Designs
Ultimately, the two mirror Offset Gregorian was excluded due to its inability
to meet the stringent design requirements. The justifications can be found in
de Bernardis et al. (2017) and will be discussed in the following sections.
6.5.1 Design
Offset Gregorian telescopes were used in WMAP and Planck, granting this design
a high Technological Readiness Level (TRL). The mirrors of this design can be
small and therefore lighter than an equivalent Dragonian. The vertical layout of
the telescope combined with the reverse orientation of the secondary mirror makes
them easy to baffle against stray light. However, the DLFOV of these telescopes
is naturally smaller than that of CORE. A lens would be needed to flatten the
focal plane, but given that the lens and the anti-reflection coating would not be
space-proven technology, this would lower the TRL of the mission.
The Offset Dragonian telescope grants a large, flat and telecentric focal plane,
as is required. The design also induces low instrumental/polarisation rotation.
That said, the mirrors required for this telescope are bigger and heavier. The
secondary mirror in particular must be of the same size as the primary, which
is not the case with the Offset Gregorian. The positioning of the primary and
secondary mirrors so close to one another makes baffling more of a challenge.
Despite the larger overall design, the telescope would still fit inside the fairing of
an Ariane 5/6, the intended launch vehicle of M-class missions.
6.5.2 Focal Plane
Due to the nature of the detectors (ideally flat tiles), the shape of the focal plane
was critical to the CORE mission. A large, telecentric and flat focal plane is
required. Any excessive curvature of that focal plane would lead to shadowing of
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detectors and require a large depth of field. Beginning with the Offset Gregorian,
its focal plane (represented as a surface) can be seen in Figure 6.12:
Figure 6.12: The focal plane of the Gregorian design.
Detectors would be placed along the surface, much like a mosaic. What is
immediately noticeable is the curvature of this focal plane. This is a result of
optimisations carried out in CODE V. The subreflector was optimised to increase
the field of view of the telescope, but the focal plane adopted a non-flat shape as
a result. It is formed from the circle of least confusion of the telescope, which is
the best possible focus for a non-ideal system.
The shape of the Offset Dragonians focal plane can be seen in Figure 6.13:
Figure 6.13: The focal plane of the Dragonian design.
Note that the scales of the above two figures are in metres. The ruler function
is tied to the global coordinate system, hence the different values displayed for
both figures. While the focal plane is not flat, it is much more so than the
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Gregorian designs focal plane, which covers a distance of 6 cm along the local
z-axis from centre to edge (see Figure 6.12). Please note that the figure shows
the focal planes shape in the x-direction. The focal plane is formed from a wave
front whose central point meets the central feed of the model. Large, flat and
telecentric focal planes are hallmarks of Offset Dragonian designs, with trade-offs
taking the form of the larger subreflector. This flatter focal plane (roughly 0.3
cm along the local z-axis) was one of the primary reasons the Offset Dragonian
design was chosen.
6.5.3 Conclusion
It was the conclusion of the CORE Consortium that the larger DLFOV of the
Offset Dragonian telescope (which the Offset Gregorian could not meet) rendered
it more suitable for fulfilling the requirements of the mission. The limitations of
the Offset Dragonian design can be addressed without lowering TRL levels, which
is a major factor in ESA mission evaluation. The same is not true of the Offset
Gregorian telescope. The curvature of the Offset Gregorian could be rectified
with an additional lens but this would add complexity and lower the usable FOV
of the telescope further.
6.6 CORE Finalised Design
The finalised design of CORE took the form of the Offset Dragonian with ad-
ditional optimisation to obtain an even flatter focal plane and a folding mirror
to keep the design compact within the launcher volume. The redirection offered
by the new mirror also allows the focal plane and cryogenic systems to be lo-
cated near the base of the satellite, which is crucial for cryogenic containment
purposes. This was based off of a JAXA/NASA telescope design known as Lite-
BIRD. The design was given to Maynooth in CAD format from collaborators
Mr. Karl Young and Dr. Shaul Hanany of Minnesota University, so meshing was
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required to import the mirrors. The CAD model is shown in Figure 6.14.
Figure 6.14: The CAD model of the finalised CORE telescope.
6.6.1 Meshing the New Design
The procedure of meshing the new mirrors will now be discussed. Three STEP
files were given to Maynooth: one containing the mirrors, one with mirrors and
baffling and one with shielding, baffling and the mirrors. At this point the im-
portant thing was to get the mirrors imported to GRASP successfully. Hence the
mirror-only file was imported.
FreeCAD was used to mesh the mirrors. Netgen was again chosen for the mesh
type due to its superior ability to mesh the mirror edges well. Each mirror has its
coordinate system base at a common global position at the telescope aperture. A
translation and rotation had been applied to the mirrors because they had been
taken from the full CORE CAD model. These changes had been necessary to
position the mirrors among the other components. However, the repositioning
would make it impossible to import the meshes to GRASP. With an existing
translation/rotation, the mirror rims would need to be decentered and rotated
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in a manner similar to the two-mirror Offset Dragonian design mentioned previ-
ously. The difficulty here lay in the fact that the only solid positional information
available from the model was vertex position. No centre points could be retrieved
as none existed. The rim rotations in GRASP are not the same as model rota-
tions in FreeCAD, so these values would also be unobtainable. Therefore, the
simpler and more robust option was to remove the rotation and translation from
the FreeCAD model. The removal of inherent offsets and rotations also make
analysis of the design far easier to accomplish. The initial format of the design
can be seen in Figure 6.15:
Figure 6.15: The initial, translated CORE mirrors.
The values required to undo the translation are shown in Table 6.10:
Translation Values
Parameter Value
x (mm) -2065.36
y (mm) -3152.14
z (mm) -2951.46
Yaw (◦) 102.927
Pitch (◦) -24.095
Roll (◦) 7.1376
Table 6.10: Position/Rotation information to relocate the model.
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The results of the changes to the mirror coordinates can be seen in Figure 6.16:
Figure 6.16: The repositioned mirrors of the CORE telescope.
Now the model would be aligned with the sky correctly. As with the previous
Offset Dragonian design, the x−axis follows azimuth (θ) and the y−axis follows
elevation (φ). The model was now ready to be meshed.
To create meshes that would be compatible with GRASP, two conditions needed
to be fulfilled. First, the mirror would need to have a vertex placed over the global
coordinate system. The position of the vertex is one of the few aspects of the
CAD model which will return a positional value, so by placing the vertex over
the global the intervening offset will be eliminated and the placement of the mesh
can be controlled precisely. Secondly, the surface normal of a mirror object must
be parallel to the global z−axis. If this is not done then GRASP will experience
difficulty in rendering the model. The reason for this effect is unknown, but is
certainly associated with the GRASP algorithm which joins up the meshed points
into the irregular triangular faces that comprise the meshed mirror surface.
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Taking the meshing of the secondary mirror as an example, the meshing process
will now be explained. The first piece of information required was the position of
the vertices of that mirror. The value of a vertex can be found by selecting the
vertex in the 3D view or retrieving it with python commands. The python com-
mands have the advantage of listing all vertex positions in a format that is easy
to copy. The first command is “ev=App.ActiveDocument.Part.Shape.Vertexes”.
When entered in FreeCAD’s python console, the xyz values of the vertexes of ob-
ject “Part” will be retrieved. The second command is “for v in ev: v.X,v.Y,v.Z”.
This simple loop will extract all of the stored values in the ev array. For the
secondary mirror, the vertex locations are shown in Table 6.11:
Subreflector Vertex Values
Parameter Vertex 1 Vertex 2
x (mm) 620 -579.99
y (mm) -953.12 -955.93
z (mm) 928.46 926.63
Table 6.11: Position of the vertices of the secondary mirror.
The mirror must now be rotated to such that its surface normal will be parallel
with the global z−axis. This was done simply by setting the roll of the mirror to
90◦. This rotation can then be cancelled in GRASP via rotation in the opposite
direction. Note that an additional reposition may be required after re-orienting
the mirror. Figure 6.17 shows the repositioned subreflector in FreeCAD.
Figure 6.17: The repositioned CORE subreflector, showing the vertex location
centred on the global coord. system.
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6.6.2 Implementing CORE in GRASP
The meshes were reformatted and imported into GRASP. The coordinate system
values and rim data are shown in Table 6.12:
CORE Mirror Values
Parameter Primary Secondary Folding Mirror Focal Plane
x (mm) 670.0 620.0 279.597 511.629
y (mm) -1.7075 -953.119 1299.32 1276.33
z (mm) 1480.874 928.46 321.878 162.303
α (◦) 0 90 90 0
β (◦) 0 90 90 0
γ (◦) 0 -90 -90 0
Rim Centre (X) (mm) -669.9964 -599.99 -300.83 -0.0009
Rim Centre (Y) (mm) 1.56155 0.9135 -30.583 -238.675
Rim Radius (X) (mm) 669.995 600.0 302.38 114.815
Rim Radius (Y) (mm) 669.88 720.16 419.82 241.455
Table 6.12: Parameters of the four CORE mesh objects.
The fully established system can be seen in Figures 6.18 and 6.19:
Figure 6.18: The imported mirrors of the CORE telescope in GRASP.
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Figure 6.19: The CORE telescope showing vertex locations and the mirror global
coordinate system.
The vertex placement approach allows a one-to-one comparison with the FreeCAD
model, which in turn makes verification of the correct implementation of the de-
sign straightforward. With the mirrors in place, feed placement can now begin
over the focal plane.
6.6.3 Modelling Information
The goal of this section is to clarify aspects of the positioning and orienting of
Gaussian pattern feeds on the working CORE model in Maynooth. The first
section will detail how feeds were placed onto the focal plane. The second section
will describe how the feeds were subsequently oriented to project beams to the
sky correctly for analysis. The third section contains information on the set-up
of the detector grids. Finally, section four will contain a number of projections
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of the current CORE system showing the path of the edge (i.e. +4◦, -4◦) θ and
φ offset rays.
6.6.4 Positioning Feeds on the Focal Plane
In order to determine the location where each feed would have to be placed
correctly and oriented to receive radiation on-axis from the equivalent sky angular
position each time. Plane rays at various offsets were propagated through the
telescope aperture. The rays would travel through the mirror system and come
to a focus at the equivalent focal plane. A feed would be placed at the location
on the focal plane where its corresponding chief ray intersected the focal plane.
The chief ray was used for this purpose as the majority of the transmitted power
lies along this ray.
The position of the contact point of a ray with the focal plane was found using
the “Show Position” feature available on GRASP’s plots. Figure 6.20 shows the
feature in use. This feature displays the position of the mouse pointer in Cartesian
xyz coordinates, depending on the projection. For example, if one was looking
along the XZ plane, the coordinates displayed would be the x and z coordinates
of the pointer. The coordinates themselves would all be based on the global
coordinate system.
Figure 6.20: Show position feature. The ray being investigated is φ = +4◦.
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Each feed was given its own coordinate system. Each one used the global
coordinate system as its reference and used the coordinates of the contact point
as its xyz coordinates. Figure 6.21 shows the coordinates entered in GRASP.
The end result is that the centre of the feed (and the location of the beam waist
ω0) would sit at the point where the offset ray struck the focal plane. Giving the
focal plane temporary reflective properties makes this point of contact easy to
determine.
Figure 6.21: Coordinate system window for the central feed.
6.6.5 Orienting Feeds on Focal Plane
Having positioned the feeds, they now needed to be oriented correctly to transmit
radiation along their intended offset path. A vector based approach was used to
correctly point the feeds over the focal plane.
For any offset ray, the ray path from the folding mirror to the focal plane was
treated as a vector. The point of contact with the folding mirror for a ray was
found in an identical manner to the point of contact with the focal plane. Having
two points A and B, a vector AB could be constructed between them.
189
Chapter 6: CORE Analysis CORE Finalised Design
GRASP handles coordinate system orientation as follows. Three angles θ, φ and
ψ are used in a spherical coordinate system. θ and φ control the direction of the
z-axis while ψ controls the rotation of the x and y axes. This system is favourable
to positioning feeds. In effect, θ and φ control the pointing of the feed (since the
emitted radiation follows the z−axis) and ψ controls the polarisation rotation.
GRASP allows coordinate systems to be oriented in two ways: entering values
for θ, φ and ψ or entering unit vectors to represent each axis of the coordinate
system. Figure 6.22 displays the rotation of the central feed entered in GRASP.
Figure 6.22: Polar orientation window for central feed coordinate system.
The new unit vector was entered in as the z−axis of the coordinate system.
The x and y axes were then generated by GRASP so as to be orthogonal to
the z−axis. The result was that the feed was now oriented in a such a way as
to emit radiation along the path of the incident rays. According to the Theory
of Reciprocity, the beams generated by these feeds, positioned as they are, will
correspond to the offset sky beams.
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Figure 6.23: Unoriented central feed. Note that ray travels along z-axis of coor-
dinate system.
Figure 6.24: Unit vector orientation window prior to orthogonalisation of x and
y axes. Unit vector describing ray path has been set as z-axis unit vector.
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Figure 6.25: Unit vector orientation window after orthogonalisation of x and y
axes.
Figure 6.26: The feed is now aligned with the incoming rays.
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Figure 6.27: The grey feed ray retraces the exact path of the aperture ray.
Figures 6.23 - 6.27 detail the steps taken as the feed is oriented. The final
item to fix was to negate projection effects for those feeds that were offset on
the sky in azimuth (θ). As these feeds moved away from the axis of symmetry
of the primary and secondary mirror, the radiation produced by them would
experience unexpected polarisation rotations. The aberration is caused when the
x−axis of the feed becomes misaligned from the x−axis of the incident radiation.
The manifestation of the projection effect is that power will leak from the co-
polar beam component to the cross-polar beam component, causing it to lose the
characteristic on-axis dipole structure. Rather than rotate the grid to match the
rotation of the feed, it made more sense to rotate the feed to negate the projection
effect. In reality linearly polarised light will enter through the aperture and be
detected at the focal plane. Thus the detectors will need to be rotated such
that they can receive this polarised light with maximum response to the correct
polarisation angles (i.e. the grids on the sky need to be correctly orientated with
the corresponding input co-polar direction in each case).
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The solution to the problem is quite simple and relies on GRASP’s ability
to redefine coordinate systems to new bases. By setting the base of an affected
feed to that of one which was unaffected by projection, the difference between
the polarisation rotation of the two can be seen. Note that the method of feed
orientation used contains no data on the polarisation rotation. This difference
must be eliminated for the projection effect to be nullified. In terms of changes
made to the model, the Euler angle γ (which controls polarisation rotation) must
be set to zero. In the ZY’Z” rotation scheme of GRASP, this means that the
feed will be pointed by rotating about the z−axis and then rotating about the
new y′−axis. However, the additional rotation will take place about the new
z′′−axis and will be required to match up again with the polarisation rotation of
the incident radiation. The polarisation rotations of both feeds will then match
and the projection effect will have been resolved for that feed.
A worked example will now be provided dealing with the θ = +1◦ feed. The
cross-polar component of the incorrectly rotated feed is shown in Figure 6.28:
Figure 6.28: Cross-Polar component of the incorrectly rotated θ+1◦ feed.
The base of the θ+1◦ feed was redefined to the central feed coordinate system.
Moving across to the Euler angle tab, the relative orientation of the feed compared
to the central can be seen. The γ angle (or ψ in GRASP angles) controls the
polarisation rotation. The central feed has the correct polarisation rotation as it
is placed along the telescopes axis of symmetry. The non-zero value of γ indicates
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that the polarisation rotation of the θ + 1◦ feed is not the same as the central
feed. Setting γ = 0 in Euler notation (or ψ = φ in GRASP angles) will align the
polarisation rotation of the two feeds. the effect of projection should therefore be
nullified. The cross-polar component of the resolved feed is shown in Figure 6.29:
Figure 6.29: Cross-Polar component of the resolved θ+1◦ feed.
Figure 6.30 shows the fully established CORE model, ready for PO analysis:
Figure 6.30: CORE mirrors showing centre and φ offset rays. The full extent of
the mirror is being utilised in this diagram.
195
Chapter 6: CORE Analysis CORE Finalised Design
6.6.6 Verification of Feed Positioning
The above method of positioning is straightforward and fast when dealing with
large numbers of feeds. However, the human element in this method leaves open
the possibility of error. The design must also be oriented so that the focal plane
is viewed edge-on. A superior method is to use stored ray data to position and
orient the rays. Rays in GRASP are stored in a .txt file. The start and end points
are stored as well as all the positions where the ray contacts a reflector. Grouping
is done by ray object. Once this method was utilised, the feed coordinates were
rechecked and the orientations adjusted if needed. All PO calculations shown
were computed after the feed verification. The locational parameters are located
in Table 6.13. Note that all feeds have the “Mirror Global” coordinate system as
their base:
Feed Coordinate System Values
Coord. Sys. x (m) y (m) z (m) α (◦) β (◦) γ (◦)
Central 0.5133 1.0371 0.1417 -177.4894 67.439 83.48
θ+1◦ 0.5133 1.09 0.1474 -176.555 67.543 83.013
θ+2◦ 0.5134 1.144 0.1534 -175.6225 67.6546 82.5537
θ+3◦ 0.5136 1.198 0.1594 -174.692 67.775 82.0904
θ+4◦ 0.5139 1.252 0.1658 -173.765 67.9069 81.5785
θ-1◦ 0.5133 0.9835 0.1361 -178.4255 67.3455 -96.0576
θ-2◦ 0.51343 0.9299 0.1307 -179.3633 67.2598 -95.589
θ-3◦ 0.5136 0.876 0.1255 179.698 67.183 -95.1139
θ-4◦ 0.5138 0.8223 0.1205 178.758 67.115 -94.638
φ+1◦ 0.4957 1.0422 0.0936 -177.388 66.625 173.44
φ+2◦ 0.478 1.0473 0.0455 -177.2857 65.8137 173.399
φ+3◦ 0.4606 1.052 -0.0024 -177.1825 65.01 173.356
φ+4◦ 0.443 1.0574 -0.0503 -177.078 64.204 173.311
φ-1◦ 0.531 1.032 0.1899 -177.59 68.2591 173.5184
φ-2◦ 0.5486 1.027 0.2382 -177.69 69.082 173.554
φ-3◦ 0.5664 1.0219 0.2867 -177.7896 69.9082 173.5892
φ-4◦ 0.5842 1.0167 0.3353 -177.888 70.7383 173.6221
Table 6.13: Three mirror CORE feed coord. system parameters.
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6.6.7 Setting up Detector Grids
Detector grids were used to obtain farfield beam patterns emanating from each
feed. Spherical grids were used to mimic the celestial sphere/sky. Each grid
type was set to Elevation over Azimuth. The size was kept constant for all
grids initially: 1◦ elevation by 1◦ azimuth, but this would change as the analysis
demanded. The base sampling was set to 201 by 201 points, though again this
would change with the analysis requirements. The coordinate system of each grid
was set 180◦ opposite its corresponding aperture ray coordinate system. That
way, rays emanating from the feeds on the focal plane would pass through the
centre of each grid. All grids used were farfield grids. Figure 6.31 shows the
detector grids with the φ feed rays passing through them:
Figure 6.31: The grids used in the PO analysis. Coloured rays represent plane
rays, grey rays represent feed rays.
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6.7 PO Analysis of the CORE Design
PO analysis was carried out identically to the previous CORE models. The
introduction of the folding mirror meant it needed to be included into the PO
calculations, though it would ultimately have no effect on the beams other than
to redirect them. The analysis carried out on CORE took two forms. First, the
design was analysed in the centre of the CMB frequency band. These data would
be included in the CORE instrument paper as a proof of concept, showing that
the design could produce beams of a high quality at the frequency band of prime
interest. The second form was an expanded PO analysis that roughly gauged the
position of the different detectors (see Figure 6.1) and performed calculations at
their frequencies, which spanned the whole frequency range of CORE.
6.7.1 Analysis at CMB Frequencies
PO Analysis objects were created for the primary, secondary and folding mirrors.
Frequency bands were created to span the range of 60 - 600 GHz. These tests
would utilise a frequency f of 145 GHz, beam waist ω0 of 5.13946 mm. These
values were requested by the CORE consortium for inclusion into the CORE in-
strument paper, part of the larger M5 proposal. 145 GHz is in the CMB frequency
band mentioned in the chapter introduction (130 GHz - 220 GHz). The accuracy
level was set to -120 dB. The PO objects maintained a frequency of 145 GHz.
The central feed and those feeds that were offset in azimuth (θ) or elevation (φ)
exclusively were those selected for analysis. Their position information can be
found in Table 6.13.
The 17 feeds which are mentioned in Table 6.13 were used as sources. The
results of fitting performed on the resultant beams are presented below in Table
6.14. At the consortium’s request, the Full Width at Half Maximum (FWHM)
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for each offset beam was calculated and shown rather than the beam radii on the
sky. This was calculated via:
FWHMx/y = ωx/y
√
2 ln(2) (6.3)
The ellipticity calculations also used FWHM values. After the results in Tables
6.14 and 6.15, plots of the beams will be produced in Figures 6.33 - 6.59. These
plots exist for all 17 feeds (which can be seen in Figure 6.32). However, due to
volume considerations, the central plots and those offset in ±2◦ and ±4◦ in θ and
φ will be presented. The hope is that the reader will still gain an sense of how
the beams evolve from the centre to the edge of the focal plane.
Figure 6.32: The extent of the PO analysis at 145 GHz. The output grids are
shown in light blue.
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Physical Optics Results (145 GHz) Linear X Pol.
Beam FWHMθ (◦) FWHMφ (◦) θ0 (◦) φ0 (◦) Ellipticity
Centre 0.12 0.1246 0.0 0.0 0.0366
θ + 1◦ 0.12 0.1246 0.0043 0.0 0.0368
θ + 2◦ 0.1204 0.1248 0.008 0.0 0.0354
θ + 3◦ 0.1216 0.1252 0.0112 0.0 0.0291
θ + 4◦ 0.124 0.1256 0.0147 0.0 0.01327
θ − 1◦ 0.1204 0.1247 -0.0034 0.0 0.0341
θ − 2◦ 0.1213 0.125 -0.0072 0.0 0.0298
θ − 3◦ 0.123 0.125 -0.0108 0.0 0.0195
θ − 4◦ 0.126 0.1293 -0.015 0.0 0.0263
φ+ 1◦ 0.1198 0.1249 0.0 0.0056 0.0407
φ+ 2◦ 0.1195 0.1265 0.0 0.0128 0.0556
φ+ 3◦ 0.1193 0.13 0.0 0.02 0.0827
φ+ 4◦ 0.1191 0.1354 0.0 0.025 0.12
φ− 1◦ 0.1202 0.1252 0.0 -0.009 0.0393
φ− 2◦ 0.1205 0.1267 0.0 -0.016 0.0489
φ− 3◦ 0.1207 0.1289 0.0 -0.023 0.0641
φ− 4◦ 0.1209 0.1322 0.0 -0.028 0.0856
Table 6.14: Linear X Pol. 145 GHz PO results. Note that θ0is the beam offset in
θ and φ0is the beam offset in φ.
Physical Optics Results (145 GHz) Linear Y Pol.
Beam FWHMθ (◦) FWHMφ (◦) θ0 (◦) φ0 (◦) Ellipticity
Centre 0.12 0.1246 0.0 0.0 0.0366
θ + 1◦ 0.12 0.1246 0.0043 0.0 0.0368
θ + 2◦ 0.1204 0.1248 0.008 0.0 0.0355
θ + 3◦ 0.1216 0.1252 0.0112 0.0 0.0292
θ + 4◦ 0.1239 0.1256 0.01475 0.0 0.0134
θ − 1◦ 0.1204 0.1247 -0.0034 0.0 0.034
θ − 2◦ 0.1213 0.125 -0.0072 0.0 0.0298
θ − 3◦ 0.123 0.1254 -0.0108 0.0 0.0195
θ − 4◦ 0.1259 0.1292 -0.0151 0.0 0.026
φ+ 1◦ 0.1198 0.1249 0.0 0.0056 0.0407
φ+ 2◦ 0.1195 0.1265 0.0 0.0128 0.0556
φ+ 3◦ 0.1193 0.1301 0.0 0.0195 0.0826
φ+ 4◦ 0.1191 0.1354 0.0 0.025 0.12
φ− 1◦ 0.1202 0.1252 0.0 -0.009 0.0394
φ− 2◦ 0.1205 0.1267 0.0 -0.016 0.0489
φ− 3◦ 0.1207 0.1289 0.0 -0.023 0.0641
φ− 4◦ 0.1209 0.1322 0.0 -0.028 0.0827
Table 6.15: Linear Y Pol. 145 GHz PO results.
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6.7.2 145 GHz CORE Beam Contour Plots
Figure 6.33: Co-Polar beam contour plot for centre beam at 145 GHz.
Figure 6.34: Cross-Polar beam contour plot for centre beam at 145 GHz.
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Figure 6.35: Co-Polar beam contour plot for θ = +2◦ beam at 145 GHz.
Figure 6.36: Cross-Polar beam contour plot for θ = +2◦ beam at 145 GHz.
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Figure 6.37: Co-Polar beam contour plot for φ = +2◦ beam at 145 GHz.
Figure 6.38: Cross-Polar beam contour plot for φ = +2◦ beam at 145 GHz.
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Figure 6.39: Co-Polar beam contour plot for θ = +4◦ beam at 145 GHz.
Figure 6.40: Cross-Polar beam contour plot for θ = +4◦ beam at 145 GHz.
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Figure 6.41: Co-Polar beam contour plot for φ = +4◦ beam at 145 GHz.
Figure 6.42: Cross-Polar beam contour plot for φ = +4◦ beam at 145 GHz.
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Figure 6.43: Co-Polar beam contour plot for θ = −2◦ beam at 145 GHz.
Figure 6.44: Cross-Polar beam contour plot for θ = −2◦ beam at 145 GHz.
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Figure 6.45: Co-Polar beam contour plot for φ = −2◦ beam at 145 GHz.
Figure 6.46: Cross-Polar beam contour plot for φ = −2◦ beam at 145 GHz.
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Figure 6.47: Co-Polar beam contour plot for θ = −4◦ beam at 145 GHz.
Figure 6.48: Cross-Polar beam contour plot for θ = −4◦ beam at 145 GHz.
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Figure 6.49: Co-Polar beam contour plot for φ = −4◦ beam at 145 GHz.
Figure 6.50: Cross-Polar beam contour plot for φ = −4◦ beam at 145 GHz.
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6.7.3 145 GHz CORE Beam Log Plots
Figure 6.51: Co/Cross-Polar beam log plot for centre beam at 145 GHz.
Figure 6.52: Co/Cross-Polar beam log plot for θ = +2◦ beam at 145 GHz.
Figure 6.53: Co/Cross-Polar beam log plot for φ = +2◦ beam at 145 GHz.
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Figure 6.54: Co/Cross-Polar beam log plot for θ = +4◦ beam at 145 GHz.
Figure 6.55: Co/Cross-Polar beam log plot for φ = +4◦ beam at 145 GHz.
Figure 6.56: Co/Cross-Polar beam log plot for θ = −2◦ beam at 145 GHz.
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Figure 6.57: Co/Cross-Polar beam log plot for φ = −2◦ beam at 145 GHz.
Figure 6.58: Co/Cross-Polar beam log plot for θ = −4◦ beam at 145 GHz.
Figure 6.59: Co/Cross-Polar beam log plot for φ = −4◦ beam at 145 GHz.
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6.7.4 Conclusions on 145 GHz Analysis
Starting with Tables 6.14 and 6.15, the beam offsets can be seen to generally
increase moving from the centre of the focal plane to the edge. Distortion in the
beams is higher for those offset in elevation φ due to symmetry breaking along
the corresponding axes of the primary and secondary mirrors. The logarithmic
plots bear this out as well. Both linear X and Y polarisations show similar results
to one another as would be expected. An ellipticity of 5% (0.05) was judged to
be the standard for beams suitable for performing CMB research. Returning to
the results tables, ellipticities stay below 0.05 for beams offset in azimuth θ. For
those offset in φ (which are more distorted) ellipticities rise above 5% at ±2◦ in
both polarisations. The maximum ellipticity is 12% at a beam offset of φ = +4◦.
The 145 GHz detectors will be placed at the φ offsets, which follows the local
horizontal x−axis of the focal plane (the folding mirror causes a 90◦ rotation).
Further refinements would need to take place to remedy this issue. In general
though, all beams are of acceptable quality and serve to verify the three-mirror
Offset Dragonian telescope.
6.7.5 Analysis across the Focal Plane
Feeds were oriented from highest frequency pixels at the centre and lower fre-
quency pixels near the edge of the focal plane. Aberration effects are analysed
for different frequencies and focal plane positions.
Additional feeds were required to extend the coverage off the main θ/φ axes and
onto the unused focal plane area. These rays still required guidance from plane
rays in order to have the correct position and orientation. The existing feeds
projected beams onto the sky along either the azimuth or elevation axes. These
new feeds would need to project an composite angles of θ and φ, like θ+1◦, φ+1◦.
The map of new feeds is shown in Figure 6.60. The feeds were placed using ray
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output data and the previously discussed AB vector approach. Projection effects
also needed to be resolved for these feeds. The parameters of their coordinate
systems are located in Table 6.16. Beam plots are presented in Figures 6.61 -
6.114.
Figure 6.60: The map of feeds used in this multi-frequency analysis.
Feed Coordinate System Values
Coord. Sys. x (m) y (m) z (m) α (◦) β (◦) γ (◦)
θ+1◦, φ+1◦ 0.501 1.08 0.112 -176.537 66.7713 83.006
θ+2◦, φ+2◦ 0.4885 1.1202 0.08189 -175.5755 66.11 82.535
θ+3◦, φ+3◦ 0.476 1.1618 0.052 -174.6037 65.4599 82.055
θ+4◦, φ+4◦ 0.4638 1.204 0.0224 -173.622 64.8175 81.521
θ+1◦, φ-1◦ 0.5258 1.07 0.1798 -176.736 68.296 83.1035
θ+2◦, φ-2◦ 0.5383 1.1057 0.218 -175.9924 69.1582 82.779
θ+3◦, φ-3◦ 0.5509 1.1399 0.2565 -175.258 70.0268 82.4949
θ+4◦, φ-4◦ 0.5636 1.1742 0.295 -174.5325 70.9 82.2057
θ-1◦, φ+1◦ 0.5009 1.003 0.1037 -178.2529 66.5901 83.6855
θ-2◦, φ+2◦ 0.4885 0.9684 0.0659 -179.027 65.7468 83.9433
θ-3◦, φ+3◦ 0.4761 0.9339 0.028 -179.812 64.91 84.2426
θ-4◦, φ+4◦ 0.4638 0.8993 -0.0097 179.391 64.08 84.5381
θ-1◦, φ-1◦ 0.5258 0.9957 0.1718 -178.432 68.117 83.8537
θ-2◦, φ-2◦ 0.5383 0.9542 0.2021 -179.3655 68.802 84.23
θ-3◦, φ-3◦ 0.5509 0.9127 0.2325 179.7098 69.4953 84.602
θ-4◦, φ-4◦ 0.5636 0.8711 0.263 178.7935 70.1967 84.9724
Table 6.16: Coord. system parameters for additional CORE feeds.
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6.7.6 Multi-Frequency CORE Beam Contour Plots
Figure 6.61: Co-Polar beam contour plot for 600 GHz beam launched from the
central feed.
Figure 6.62: Cross-Polar beam contour plot for 600 GHz beam launched from the
central feed.
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Figure 6.63: Co-Polar beam contour plot for 520 GHz beam launched from the
central feed.
Figure 6.64: Cross-Polar beam contour plot for 520 GHz beam launched from the
central feed.
216
Chapter 6: CORE Analysis PO Analysis of the CORE Design
Figure 6.65: Co-Polar beam contour plot for 450 GHz beam launched from the
central feed.
Figure 6.66: Cross-Polar beam contour plot for 450 GHz beam launched from the
central feed.
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Figure 6.67: Co-Polar beam contour plot for 390 GHz beam launched from the
central feed.
Figure 6.68: Cross-Polar beam contour plot for 390 GHz beam launched from the
central feed.
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Figure 6.69: Co-Polar beam contour plot for 340 GHz beam launched from the
θ = +1◦ feed.
Figure 6.70: Cross-Polar beam contour plot for 340 GHz beam launched from the
θ = +1◦ feed.
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Figure 6.71: Co-Polar beam contour plot for 295 GHz beam launched from the
θ = +1◦ feed.
Figure 6.72: Cross-Polar beam contour plot for 295 GHz beam launched from the
θ = +1◦ feed.
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Figure 6.73: Co-Polar beam contour plot for 255 GHz beam launched from the
θ = +1◦ feed.
Figure 6.74: Cross-Polar beam contour plot for 255 GHz beam launched from the
θ = +1◦ feed.
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Figure 6.75: Co-Polar beam contour plot for 220 GHz beam launched from the
φ = +2◦ feed.
Figure 6.76: Cross-Polar beam contour plot for 220 GHz beam launched from the
φ = +2◦ feed.
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Figure 6.77: Co-Polar beam contour plot for 195 GHz beam launched from the
φ = +2◦ feed.
Figure 6.78: Cross-Polar beam contour plot for 195 GHz beam launched from the
φ = +2◦ feed.
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Figure 6.79: Co-Polar beam contour plot for 175 GHz beam launched from the
θ = +2◦ feed.
Figure 6.80: Cross-Polar beam contour plot for 175 GHz beam launched from the
θ = +2◦ feed.
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Figure 6.81: Co-Polar beam contour plot for 160 GHz beam launched from the
φ = +4◦ feed.
Figure 6.82: Cross-Polar beam contour plot for 160 GHz beam launched from the
φ = +4◦ feed.
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Figure 6.83: Co-Polar beam contour plot for 130 GHz beam launched from the
θ = +3◦ feed.
Figure 6.84: Cross-Polar beam contour plot for 130 GHz beam launched from the
θ = +3◦ feed.
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Figure 6.85: Co-Polar beam contour plot for 115 GHz beam launched from the
θ = +3◦ feed.
Figure 6.86: Cross-Polar beam contour plot for 115 GHz beam launched from the
θ = +3◦ feed.
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Figure 6.87: Co-Polar beam contour plot for 100 GHz beam launched from the
θ = +4◦ feed.
Figure 6.88: Cross-Polar beam contour plot for 100 GHz beam launched from the
θ = +4◦ feed.
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Figure 6.89: Co-Polar beam contour plot for 90 GHz beam launched from the
θ = −4◦ feed.
Figure 6.90: Cross-Polar beam contour plot for 90 GHz beam launched from the
θ = −4◦ feed.
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Figure 6.91: Co-Polar beam contour plot for 80 GHz beam launched from the
θ = +4◦, φ = +4◦ feed.
Figure 6.92: Cross-Polar beam contour plot for 80 GHz beam launched from the
θ = +4◦, φ = +4◦ feed.
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Figure 6.93: Co-Polar beam contour plot for 70 GHz beam launched from the
θ = +2◦, φ = +2◦ feed.
Figure 6.94: Cross-Polar beam contour plot for 70 GHz beam launched from the
θ = +2◦, φ = +2◦ feed.
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Figure 6.95: Co-Polar beam contour plot for 60 GHz beam launched from the
θ = −4◦, φ = +4◦ feed.
Figure 6.96: Cross-Polar beam contour plot for 60 GHz beam launched from the
θ = −4◦, φ = +4◦ feed.
232
Chapter 6: CORE Analysis PO Analysis of the CORE Design
6.7.7 Multi-Frequency CORE Beam Log Plots
Figure 6.97: Co/Cross-Polar beam log plot for 600 GHz beam.
Figure 6.98: Co/Cross-Polar beam log plot for 520 GHz beam.
Figure 6.99: Co/Cross-Polar beam log plot for 450 GHz beam.
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Figure 6.100: Co/Cross-Polar beam log plot for 390 GHz beam.
Figure 6.101: Co/Cross-Polar beam log plot for 340 GHz beam.
Figure 6.102: Co/Cross-Polar beam log plot for 295 GHz beam.
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Figure 6.103: Co/Cross-Polar beam log plot for 255 GHz beam.
Figure 6.104: Co/Cross-Polar beam log plot for 220 GHz beam.
Figure 6.105: Co/Cross-Polar beam log plot for 195 GHz beam.
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Figure 6.106: Co/Cross-Polar beam log plot for 175 GHz beam.
Figure 6.107: Co/Cross-Polar beam log plot for 160 GHz beam.
Figure 6.108: Co/Cross-Polar beam log plot for 130 GHz beam.
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Figure 6.109: Co/Cross-Polar beam log plot for 115 GHz beam.
Figure 6.110: Co/Cross-Polar beam log plot for 100 GHz beam.
Figure 6.111: Co/Cross-Polar beam log plot for 90 GHz beam.
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Figure 6.112: Co/Cross-Polar beam log plot for 80 GHz beam.
Figure 6.113: Co/Cross-Polar beam log plot for 70 GHz beam.
Figure 6.114: Co/Cross-Polar beam log plot for 60 GHz beam.
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6.7.8 Conclusions
Beginning with the 145 GHz beams, the goal was to provide fields projected onto
the sky up to 4◦ offset in both elevation φ and azimuth θ. Qualitative analysis
was used to determine the shape of the beams in terms of aberrations present
and ellipticity as a measure of the difference in FWHM values for one beam. As
stated previously, the results of this particular analysis were included in the CORE
instrument paper de Bernardis et al. (2017). Of particular interest to the CORE
consortium were the beams at offsets of 3/4◦ in both directions. The quality of
these beams would inform on the telescope design’s ability at a fundamental level
to produce low-aberration beams. Any issues that may have arisen pertaining
to higher than desired distortion or increased cross-polar levels could be assessed
initially with a more complete focal plane representation. What can be gleaned
from these initial results is that the cross-polar beam components for all tested
beams is at or below -40 dB, a rough yardstick which (as with LLAMA) indicates
low polarisation leakage being generated in the design. Ellipticity values for both
polarisations are consistent and do not rise to substantial levels, the highest values
being seen at the very edge offset beams in φ. Offsets are consistently lower than
0.03◦. The beams can be seen to become more distorted with distance from
the centre of the focal plane but the severe aberrations are constricted to one
dimension, indicating symmetry breaking along the local y−axes of the mirrors
to be the culprit in this instance. The fact that there is no marked difference at
all between results of linear X and Y polarisations is another advantage for the
design; considering its role as a polarimeter for the CMB this is a welcome result.
Moving on to the frequency range analysis, this work was not requested by the
consortium but was considered to be highly informative nonetheless. Given the
lighter aspect of this analysis, no Gaussian fitting was performed on these beams.
The higher frequency beams contained at the centre of the focal plane are highly
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Gaussian in appearance and exhibit low aberration/offset as expected. Given the
size of the mirrors relative to the size of the beams, this is hardly a surprising
result. At 160 GHz and below, the effects of diffraction and interference become
more apparent with the increasing size of beams relative to the mirrors. Results
for 145 GHz can be found in the previous section in abundance. Finally, below 100
GHz the sidelobe structures reach their highest, increasing by 30 dB compared
with the other end of the frequency range. Throughout the range, cross-polarised
radiation remains fairly low consistently from frequency to frequency and never
reaches above -40 dB for any frequency tested.
6.8 Importing Telescope Components
The final addition made to the CORE model involved importing components
from the CORE CAD file into the GRASP model. These components include the
baffling at the telescope aperture, focal plane shielding, thermal shields and the
satellite service module. These components will have a small effect of the beams
produced by CORE directly, so their inclusion into the model will represent a
step towards a more complete model and results that are more representative
of reality. In the future, the baffling structure will need detailed modelling for
stray-light and far-out sidelobe analysis.
Figure 6.115: The full model of CORE in FreeCAD.
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The process of importing these objects is different to that used for the mirrors.
Though irregular triangulation meshes are still ultimately used, the objects cannot
be represented by single-face scatterers. The formatting required for these multi-
face scatterers is more complex than that for single-face scatterers, given that an
incorrect join between mesh points will result in a heavily warped object.
6.8.1 Creating Viable GRASP Meshes
As was stated in the introduction, Netgen meshes were used once again to create
representations of the components. The meshing process was simpler this time
around as the objects did not need to be moved over the global coordinate system,
as was needed for the mirrors. The reasons will be discussed in the multi-face
scatterer section. The reference coordinate system for these components was the
global coordinate system of the model. Looking to Figure 6.115, the components
are much larger than any of the mirrors meaning file size would be an issue going
forward. Each component is also composed of multiple smaller objects. Both of
these factors informed the choice of mesh density.
The issue with mesh density and these objects is one of rendering. GRASP in-
corporates a 3D CAD-like environment where the optical system can be viewed.
As was discovered early on in this work, highly dense meshes would cause GRASP
to slow down to unusable speeds while rendering these components. Any adjust-
ment of the model after rendering would also induce the same effect. Less dense
meshes would not impact rendering time to the same degree but would be much
rougher surfaces. Therefore, a compromise was made. Two sets of meshes would
be made for each component: a high-density version for calculations and a lower-
density version for representation outside of calculations.
After all meshes had been created, there was one final step before exportation.
The meshes were merged into larger forms to reduce overall complexity and make
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the implementation more straightforward. The object groupings are as follows:
Baffle, Inner Shield, Middle Shield, Outer Shield, Satellite Shell and Satellite
Base. The groupings are shown in Figures 6.116 - 6.119. Merges can be done
in the FreeCAD mesh workbench and are simply a joining of the two meshes
together without alteration of existing points.
Figure 6.116: The aperture baffling in FreeCAD.
Figure 6.117: The focal plane shield in FreeCAD.
Figure 6.118: The three thermal shielding layers in FreeCAD.
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Figure 6.119: Satellite shell and base in FreeCAD.
Due to the different file type requirements, the required file format was the
Nastran Bulk Data File (.bdf). This file format saves the created points of the
mesh in a numbered list form. After the points, the joins necessary to recreate the
object are stored. The joins reference three points by number and thus structure
is preserved in the file. This is the basic structure of the GRASP .msh file. With
correct formatting, the files could be read into GRASP as before.
6.8.2 New Mesh File Formatting
The Nastran Bulk Data File format is arranged differently than the python def-
inition files. There is no header section at the start. The file is a list split
into two parts: points and triangles. The points have the preface “GRID”, are
numbered and contain an xyz Cartesian point. The triangles have the preface
“CTRIA3” which denotes them as a three-point triangle. These entries have three
constituent points which become the vertices of the triangle. Figure 6.120 shows
the file layout:
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Figure 6.120: Section of a Nastran BDF file.
The “Free Field” format was used for the component meshes as, under this
format, commas are used as the character separator. This makes the subsequent
reformatting that bit easier. This format was chosen by opening a mesh file from
FreeCAD in an open source meshing program known as “Gmsh”. The editor
window can be seen in Figure 6.121. The mesh files are simply opened and saved
again in the chosen format.
Figure 6.121: Gmsh editor window showing the format selector for the .bdf file.
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The exact procedure for formatting a .bdf file to a grasp-accepted .msh file:
• Find “,0,”, replace with “\r\n”
• Find “,”, replace with “\s\s”
• Find “GRID”, replace with “[node]”
• Find “CTRIA3”, replace with “[patch]”
• Set text editor search mode to regular expression
• Find “∧(\[[a-z]5,\]\s+\d+)”, replace with “\1\r\n3\s\s\s\s\s0\s\s\s\s
\s0\s\s0\s\s0”
• Add the following lines at the beginning of the file
• Line 1: [version]
• Line 2: TICRA Mesh File, Version 1.0
• Line 3: [title]
• Line 4: Title of mesh file goes here. User discretion.
• Line 5: [region] 0
• Line 6: 0.10000000E+01 0.10000000E+01 0.00000000E+00∧D
Please note that “\s” is the stand in for a space character. GRASP is very
particular about file parsing, so it is advised that the above steps are followed to
the letter to avoid problems. The newly reformatted file should now be ready for
use with multi-face scatterer objects.
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6.8.3 GRASP Multi-Face Scatterers
With the newly formatted and grouped mesh files ready for use, the construction
of the objects in GRASP could now begin. A “Tabulated Mesh” object is used
to represent the meshed components. These objects function similarly to the
“Irregular Triangulation, XY Grid” objects. The major difference between these
two objects, however, is that the “Tabulated Mesh” object requires no rim object.
The component is taken in as is.
Figure 6.122: Tabulated Mesh editor window.
The coordinate system drop down list refers to the base coordinate system of
the object. Note that the <None> attribute shown in Figure 6.122 is essentially
using the GRASP global coordinate system. The mesh file is selected from the
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file path command line. The unit option informs GRASP as to the units of data
in the file. The External Mesh Command option specifies a plugin which can
update the Tabulated Mesh object whenever a change is made to the mesh file
itself. The Oversize Factor is used in refining the mesh itself should it be too
sparsely populated.
Figure 6.123: The inner thermal shield of CORE, meshed and present in GRASP.
Tabulated Mesh objects were used to represent all of the meshed telescope
components. The inner shield can be seen in Figure 6.123.Once the object for
each is created, a corresponding PO object must be created, as before. Single-Face
PO objects cannot be used with Multi-Face Objects.
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Figure 6.124: PO, Multi-Face Scatterer object editor window.
The editor window for a Multi-Face PO object is shown in Figure 6.124. This
class of PO object shares much of its functionality with its single-face counterpart.
PO calculations are established in the same manner, choosing the frequency and
scattering object as before. PO and PTD contributions are calculated in the same
manner as before, the only difference being that currents are calculated at each
triangular segment rather than across the whole mirror face. The currents can
also be stored for future use by providing a file path and file name.
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6.8.4 New Coordinate System Integration
The final issue was the integration of the existing mirror global coordinate system
with the new coordinate systems of the full model. All of the components shared
the global coordinate system present in the CAD file as their reference coordinate
system (see Figure 6.125). As a result, no repositioning or reorienting was needed
after each component was imported, neatly sidestepping any potential errors that
might arise. However, there was a disconnect between the coordinate systems of
the new components and the existing coordinate systems of the mirrors, feeds
and PO objects. This would need to be resolved.
Figure 6.125: CORE components in GRASP. The new global coordinate system
can be seen in the lower right.
The mirrors share a common coordinate system named “Mirror Global”. Any
changes to the base coordinate system of “Mirror Global” would reorient the
mirrors as a whole while keeping their relative positions and orientations intact.
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A correct adjustment to “Mirror Global” would therefore allow the mirrors, feeds
and output grids to be slotted into place among the new components. Luckily, the
necessary transformations are all stored in the CORE .stp file and can be viewed
with FreeCAD. FreeCAD orients objects using EulerXY ′Z ′′ rotations, also known
as yaw, pitch and roll. The FreeCAD placement window is presented in Figure
6.126. These are familiar terms to those in aviation, but that system does not
translate fully into GRASP. Recall that GRASPs rotations are ZY ′Z ′′. Therefore,
a single coordinate system cannot be used to perform the orientation using the
angles provided. Two linked coordinate systems must be used to imitate the yaw,
pitch and roll convention.
Figure 6.126: The placement window in FreeCAD for the CORE primary mirror.
The first coordinate system is created and is given the global coordinate system
as its base. It is positioned 2065.36 mm along x, 3152.14 mm along y and 2951.46
mm along z. This is the correct point where “Mirror Global” should be located
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according to the CAD model. Next, using the Euler angle tab, angle α is set
to −102.927◦. This corresponds to a rotation about the z−axis, which will be
known as the yaw axis. Angle β will take a value of 24.0951◦. This corresponds
to rotation about the y−axis, which will be known as the pitch axis. This is
as far as one coordinate system can be taken, as γ will rotate around the new
z−axis. What is required is a rotation about the x-axis, which can be achieved
with a second, fresh coordinate system which takes in the first one as its base.
This new coordinate system must be set up to perform a rotation about the
x−axis, which is denoted the roll axis. This can be done by setting α to −90◦
and γ to the opposite value, 90◦. Any change of this coordinate systems β angle
will cause a rotation about the x−axis, as is required. β will then be given a
value of −7.13762◦. This completes the proxy Euler XY ′Z ′′ rotation. Note that
if the values of α and γ are reversed, then β must be a positive value (7.13762◦).
The direction of a rotation is determined by the sign of the angles, so this is just
simply a reversal to reflect the change in α and γ. The magnitude of β will not
and must not change.
The last step of the integration process is to set the second coordinate system
as the base of “Mirror Global”. Everything tied to this coordinate system will
be slotted into place among the tabulated mesh components. The proxy rotation
was easily verified as any incorrect step would lead to noticeable clipping of ob-
jects into one another. Distances between mesh vertices in both FreeCAD and
GRASP were also used as verification; any incorrect orientation would lead to
distance discrepancies between the CAD model and the GRASP one. The new
nested structure of coordinate systems carried its own benefit. Ancillary objects
like representations of the telescopes spin axis and optical axis could now be in-
troduced into the model very easily. Having the GRASP model match the CAD
model more closely would render it easier to send off the GRASP model to collab-
orators; there would now be recognisable elements, like distances, known angles
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or coordinate systems, present. Finally, the two step rotation can be replaced
with a single Euler ZY ′Z ′′ rotation with the Redefine to Other Base feature. Re-
defining the “Mirror Global” coordinate system to the model global will express
the rotation in ZY ′Z ′′ form. The parameters are listed in Table 6.17:
Mirror Global Values
X (mm) 2065.36
Y (mm) 3152.14
Z (mm) 2951.46
α (◦) -85.8747
β (◦) 25.0695
γ (◦) -15.5271
Table 6.17: Values for the ZY ′Z ′′ rotation of Mirror Global.
The full model of the CORE telescope can be seen in Figure 6.127:
Figure 6.127: The full CORE model in GRASP.
The PO analysis of CORE ended at this point due to limited computational
resources. No viable beams could be retrieved from the few successful calculations.
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Future Work
This final chapter will provide an outline as to how the work presented in this
thesis could be advanced in the future.
7.1 CORE
Though CORE is no longer in the running for M5 assessment due to budgetary
concerns, the work will be relevant to a future CMB B-mode mission. Topics to
continue would be the analysis of the thermal shielding and baffling that have
been imported into the model already to predict far out sidelobes and detailed
beam predictions. Not only would this allow the effects of these components
on the beams produced by the telescope to be quantified and allow stray light
analysis to be feasible, it would continue to strengthen the analysis tools and
techniques used in Maynooth and hopefully allow similar telescope systems to be
routinely analysed in the future.
Optimisation of detector/feed locations in the focal plane area could be per-
formed. Preliminary analysis has been presented here but a much more compre-
hensive programme of analysis is required to optimise the different channels in
terms of the best locations to minimise the overall aberration over the focal plane.
Finally, there was a potential solution to attempt to flatten the focal plane
area of the Offset Gregorian CORE design. This analysis would be accomplished
by using a silicon lens combination known as a field flattener. This combination
is made up of a convex-plano lens coupled to a plano-concave lens. This would
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take place using Zemax OpticStudio and utilise the optimiser to converge on
an optimal lens spacing, thickness and shape. This lens would also need to be
larger than traditional lens designs (equivalent in size to the focal plane). This
is challenging optically to integrate this successfully over a frequency range from
60 - 600 GHz. The new refractive tools in GRASP could also be applied to the
problem.
7.2 LLAMA
Though the preliminary work has been carried out for three of LLAMA’s poten-
tially eleven bands, there remains a lot of potential work to follow on from the
author’s contribution. First of all the remaining bands need to be tested in the
same manner to verify that the receiver design works well for those bands as well,
thereby satisfying the stated goal.
Next, the current model in GRASP is very basic. There are a host of op-
tical elements missing from the design that would need to be accounted for in
more stringent analysis, like folding mirrors and apertures. There are many more
smaller folding mirrors that will form the full receiver which will need to be imple-
mented and verify that they are having no impact on the optical performance of
the receiver. There are also polarising grids envisioned in the design whose impact
will need to be analysed and potentially optimised with respect to orientation of
grids to decrease noise. An elevation tube is present which will, by design or not,
act as a kind of field stop and manipulate the structure of the beam between M3
and M4. This will be top of the list in terms of future additions to the Maynooth
LLAMA model. Elements of the cryostat unit could also be included.
Lastly, a full analysis could be performed on the entire optical train including
the main dish and subreflector. LLAMA is a 12 m Cassegrain type telescope. One
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focus point of the receiver is the Cassegrain focus with the associated mirrors to
eliminate the well-known aberrations that are part and parcel of the Cassegrain
design. The full primary and secondary mirrors of LLAMA could easily be in-
serted into the existing model. This would allow for full propagation from the
instrument plane through the optical train and onto the sky. This would repre-
sent a full optical model for LLAMA, given that it would be the most complete
representation possible.
7.3 Meshing
The techniques to import and export optical components between different soft-
ware packages is extremely important. To keep the integrity and definition of
the mirrors, a deep understanding of meshing is required. The work presented
in this thesis sets out the main requirements for meshing and is the basis of im-
portant work in going from ray analysis and design to physical optics analysis to
exportation of surfaces for manufacture.
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